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Finite-Difference Model of Two-Dimensional,
Single-, and Two-Phase Heat Transport

in a Porous Medium Version I

by

Charles R. Faust and James W. Mercer

ABSTRACT

Model documentation is presented for a two-dimensional (areal)
heat-transport model capable of simulating both water- and vapor-
dominated geothermal reservoirs that conform with the assumptions of
the model. Finite-difference techniques are used to solve for the
dependent variables pressure and enthalpy. The program is designed
to simulate time-dependent problems such as those associated with
geothermal reservoirs undergoing exploitation, and can treat the
transition from compressed water to two-phase flow. In order to
simulate more complicated field problems the present program is being
extended, and therefore the model described in this report is referred

to as VERSION I. A Tlisting of the computer code is included.



INTRODUCTION

The continuity equations for steam and water are reduced to two
nonlinear partial differential equations in which the dependent
variables are fluid pressure and enthalpy. These equations are
approximated using finite-difference techniques and are solved using
a direct matrix technique. The non1inear coefficients are calculated
using Newton-Raphson iteration on the accumulation terms, and an option
is provided for using either upstream or midpoint weighting on the
mobility terms. The model can simulate flow of compressed water, two-
phase mixtures, and super-heated steam over a temperature range of |
10° to 300°C. In addition, it can handle the conversion from single-
phase flow to two-phase flow.

The model described in this report is referred to as VERSION I
and is considered to be a research tool; that is, this version is
kept as simple as possible so that the program can be easily understood
and modified. For this reason, many sophisticated changes and
additions which are generally required to simulate complicated field
problems are not included. Such changes are the subject of current

research and will be described in subsequent reports.



MODEL DESCRIPTION

Theoretical Development

The computer program presented in this report is based on a
theoretical development originally outlined by Mercer, Faust, and
Pinder (1974) and presented in detail by Faust (1976). Only the
final equations and major assumptions are given here.

Major assumptions include the following:

1) capillary pressure is negligible;

2) local thermal equilibrium exists among all phases;

3) Darcy's equations for two-phase flow are valid;

4) the thermodynamic properties of the geothermal fluid are

those of a pure-water system;

5) thermal dispersion/conduction is treated as a property of

the medium;

6) flow in the reservoir can be represented by using a two-

dimensional (areal) model; and

7) the reservoir is a confined porous medium.



Final Equations
Based on these assumptions the equations describing flow and heat

transport in a geothermal reservoir are (Faust, 1976):

bp _kk bp kk ‘ o 3 (60)
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where the term, q", represents the conductive-heat gain (or loss) to

the confining beds (overburden and underburden), and may be obtained

from,

e 2T )

rdz
overburden oz underburden ( 3 )
contact contact

Definitions of the parameters are included in the section on notation.



Auxiliary Relationships

Additional assumptions and relationships include the following:

1) The fluid enthalpy, h, of the mixture is defined in the two-
phase region by:
Sph +Sph

h=SSSpSWW. (4)

2) The density, p, of the mixture is defined by
p= Ssps * Swpw - (5)

3) Phase saturations sum to one:

SS +S =1. (6)

4) Porosity is a function of pressure, and can be expanded about
an initial porosity distribution by a truncated Taylor series with first

order pressure terms:

¢ = ¢;[1+8(p-p,) 1, (7)

where the subscript i indicates initial values.
5) Phase viscositites are functions of temperature (Meyer and

others, 1967; modified for the cgs system),

b = 107%(0.407-T + 80.4), (8)



and,

uw=]0-6 {24].4.]0[247.8/(T+]33.]5)] ’ (9)
where,

g = dynamic viscosity of steam, g/cm-sec,

W, = dynamic viscosity of water, g/cm-sec,

T = temperature, °C.

Equation 8 is valid for superheated steam at 106 dynes per square
centimeter pressure in the temperature range of 100 to 300 degrees
Celsius, and is approximately valid for steam viscosity along the
saturation line in that range. Equation 9 is valid for liquid water
along the saturation line from 0 to 300 degrees Celsius.

6) The relative permeability expressions are functions of
saturation and are a variation of those given by Corey (1954) for a
drainage displacement process, that is, vaporization dominates
condensation:

)4

(Sw B Swr ) Ssr

= (10)
"o Swr Ssr)
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and

2
= - (Sw = Swr ~ Ssr)
rs
(- Sur ~ Ssr)
(11)

2

] - (Sy = Sur - Ssr)2
- Swr " Ssr)

where Swr and Ssr are specified residual water and steam saturations.

7) Reservoir thickness, rock density, rock specific heat and
intrinsic permeability are functions of the spatial coordinates.

8) Rock enthalpy may be determined by the expression,
h =c¢T (12)

where the rock enthalpy is in ergs per gram, the temperature is in
degrees Celsius, and the formation heat capacity, Cp> is in ergs per

gram per degree Celsius.

9) In the two-phase region, the amount of heat lost to the well

is defined as
9y = qghg + a.h. (13)
and the total mass lost to the well as,

9n = 9 * a4 - (14)



The steam production rate is determined by the fractional flow of the

steam phase as follows,
, (15)
where

K PuwHs
3 rs’rs op U, W

).

Since h;, hQ and q, are known, q; is computed using equation 15, q& is
computed using equation 14, and 9, is computed using equation 13. Finally,
equations relating the thermodynamic properties of pure water and steam to
enthalpy and pressure were determined by least square regressions of
published experimental data. Figure 1 shows a pressure-enthalpy plot for
pure water, this diagram may be divided into the subregions: compressed
water, two-phase (steam-water), and superheated steam. Data were obtained
from Meyer and others (1967) and Keenan and others (1969) for an enthalpy

9

range of 2.09 X 107 to 3.175 X]O]O ergs per dram, a pressure range of

1.0 x 106 to 1.75 X 108 dynes per square centimeter, and a temperature range
of 10 to 300 degrees Celsius. The following expressions, having a maximum
error of 0.5 percent within the observed data range, were determined:

10) Steam enthalpy, hs’ and water enthalpy, hw’ are treated as
functions of pressure:

h = 2.82282 - 10'0 - 3.91952 - 10'°/p

s
(16)

+ 2.54342 « 10°1/p% - 9.38879 - 1078 . p?
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and

2

h, = 7.30984 - 10° + 1.29239 - 10 p - 1.00333

1078 . p% + 3.9881 - 1071 . p?
22, 2
- 9.90697 - 10°/p + 1.29267 - 10°“/p

- 6.28359 - 1027/p3 (17)

where
p = pressure, dynes/cm2
h = enthalpy, ergs/g
hS = enthalpy of saturated steam, ergs/g
hw = enthalpy of saturated water, ergs/g.

11) Temperature is treated as a function of pressure and
enthalpy for the compressed-water and superheated-steam regions. For
the compressed-water region,

T = - 2.41231 + 2.56222 - 1078 .
- 9.31415 - 10 P (18)

_2.2568 - 10717 . 2

10



and for the superheated-steam region,

T = - 374.669 + 4.79921 - 10°¢ «

-15 2
* P

19,2

6.33606 - 10

+

7.39386 - 10

3.3372 + 10°%/n%p2

]0]9/p3 (19)

+

3.57154

=37 3

1.1725 « 107 « nop

2.26861 - 10%3/nt,

where the temperature, T, is in degrees Celsius. For the two-phase

(steam-water) region hw is used in place of h in equation 18.

12) Total density, p, steam and water densities, Pg and P are
considered functions of pressure and enthalpy. For the compressed-

water region,

0 =p,= 1.00207 +4.42607 - 101 .,

_ 5.47456 + 1072 « h

(20)

+5.02875 - 1072 .

- 1.24791 - 10721 . 42,

11



and for the superheated-steam region,

o= pg = - 2.26162 + 107 + 4.38841 + 107 « p

-19

- 1.79088 - 10712 -« ph

(21)
+3.69276 « 10730 . p*
+ 517644 - 1071 . pnd

where density is in grams per cubic centimeter. For the steam-water
region, saturation pressures and enthalpies are used in equation 20

and 21 to obtain p_ and pw )

12



Numerical Development

The technique used to solve equations 1 and 2 is based on the
finite-difference method. For this method the areal extent of the
reservoir is subdivided into rectangular grid blocks (see figure 2)
in which the fluid and reservoir properties are assumed uniform. The
continuous derivatives in equations 1 and 2 are approximated by finite-
difference expressions at points (nodes) in the centers of the blocks.
This results in a nonlinear system of 2n equations with 2n unknowns
(the values of pressure and enthalpy at the nodes) where n is the
number of nodes. The geﬁera] finite-difference representation and
solution procedure for this system of nonlinear equations are outlined

below.

13
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Figure 2. Finite-difference grid showing the locations of
the reservoir, the grid blocks and nodes.
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Finite-Difference Representation
Equations 1 and 2 may be written in compact, implicit finite-

difference form as:

tl ntl
A ]
Ax[(wa-l»‘rsx)Axp ]+ Ay[('rwy+'rsy) yp
1 nl ¢
+ Vq"n = 7t o™ -M)
(22)
and
ntl ntl o+l
Ax(Th Axp ) +A (T A p )+Ax(Tchxh )
ntl ¢ LV "=__ ] "
+ Ay('rcyAyh )+th + 53" =5 (B E) , (23)

where the right sides of equations 22 and 23 are the accumulation terms
for mass and energy, respectively, and qé and qﬂ are the total mass

and heat lost to wells, respectively.
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Th e e . .
e transmissibility terms Tw ’ Ts s Th , and Tc , are given by:

T, = (RA/Do K fu, (24a)

T = (kAl%)pékrslus , (24b)
‘ T:

Ty = Twhﬁ+Tshs+(Akm/l) (Bp)h s (24c)

T
T, = KD G, (244)

and the mass and energy terms M and E are:
M= v¢pr (25&)

E= V[¢ph+(1—¢)prhrl ,
(25b)

where V, A and % are the grid block volume, cross-sectional area
perpendicular to the flow direction, and the length increment in the

flow direction, respectively. The difference operator acts as follows:

t+At t+At t+At
A(T _Ap )y =T (P s = Ps 57)
X' WX X wxi+%’j i+1,] 15J
t+At t+At
-7 (p: 5" - ps 575) (26)
WXi_y 5o 1] 1-1,3

where i and j are indices in the x- and y- directions, and t is the index

for the time level.

16



The interblock transmissibility terms (values at i +%, i - %,
j+%and j - %) are composed of two parts: that which is a function
of space only (for example, kA/%2) and that which is a nonlinear function
of pressure and/or enthalpy (for example pkr/“)‘ To approximate these
terms requires averaging or weighting of the various components over
each grid block. For the space dependent part, this is accemplished by

using a harmonic mean, for example,

2k. -k.A. JA.

i+171 i+1d
(kA/%) 54, = 27
Viay T KR g KA (27)

The nonlinear part of the transmissibility terms are generally
assigned the upstrean value. The upstream node is determined by
comparing the pressures at (i) and (i+1), and using the larger
pressure to compute the nonlinear part. Alternatively this part
may be determined by a length weighted arithmetic average, for

example,

Kew, | = L. T L. (28)

Of the two procedures, upstream weighting yields a lower order
approximation of the spatial derivative but exhibits a more stable

solution.

17



Solution Procedure

The difference equations 22 and 23 are solved simultaneously for the
unknown pressure and enthalpy in each grid block for each time step.
Since equations 22 and 23 are nonlinear, a provision is included to
iterate on nonlinear coefficients. Newton-Raphson iteration is used
on the accumulation terms and Picard iteration is used on the
coefficients of the spatial derivatives. Two difference equations
are obtained for each grid block, and the resulting system of 2n

equation has the form,
(81 OXM8% - ey + (X)) + (gl = 0, (29)

where the superscript indicates the time level, the matrix [B]
incorporates the transmissibility terms, the vector { X} contains

the unknown pressure and enthalpy values, that is

f'p,l

h,
(X} = :

"

and the vector {f(X)} is a non-linear function describing the

accumulation terms.

18



To linearize 29, an iterative technique called the Newton-Raphson
procedure is applied. The iteration level is indicated by a subscript,
and in particular the first iteration (initial guess) is indicated by
the subscript (o). Substitution of the initial guess into equation 29

yields a residual:
t+At t+At t
[Bo] OERY LR + RO

trityy |

o (30)

+ {g,} = {R(X
For the first time step, the initial conditions are used as the initial
guess; for subsequent time steps, the results from the previous time
step are used as the initial guess.
If the residual is expanded in a truncated first order Taylor series,

one obtains,

ROEPY = r(x TP {AX}[—B“X Tt

3{R(X “At)}];
(s]

or rearranging,

S{R(Xot+At
oX

)} t+At
(o]

Taking the derivatives with respect to the unknown vector {X} equation
35 yields,

ROGTEN ] L [0 |
= - , 32
ox B [ o] ox T (32)

19



t+At
a{f (X, "}
where Ty is obtained by taking the partial derivatives of
oX
0

the accumulation terms with respect to pressure and enthalpy. Specifically,

by use of the chain rule:

0%+ ]

p 3lon)
oh

I
o
—_~
&
N

3
> 55 [ooh+ (ol | <0 [ (on - o) &

dp

+ h(—a‘%)h + (]'¢ii~f'rcr‘~3p)h ’

and

) _ 3
b <h [¢ph + (1-¢)prhr] = b [ ¢h(§%)p + (1-9)p.C %%Jp + ¢p]

Substituting 32 into equation 31 gives,

t+At
ol f(X, ")) LAt
0 e
[Bo] - [ B ] {aX} = - {R(X,7TN)Y, (33)

0

which is the matrix equation to be solved.

20



t+At

The new values of X are determined from,

At - o (34)

where i = 1,2, ..., m, m being the specified number of iterations. If
m = 1, this procedure is equivalent to the residual formulation outlined
by Weinstein, Stone, and Kwan (1969).

In most of the two-dimensional, areal simulations studied it was
not necessary to use Newton-Raphson iteration on the nonlinear coefficients
in [B] and {q} to obtain satisfactory solutions. For radial problems
and vertical cross-sections this is not the case as pointed out by Toronyi
and Farouq Ali (1975). As stated earlier, Picard iteration is used for
[B] and {q}. 1In this process the nonlinear coefficients are simply updated
on each iteration.

The solution of the linearized matrix equation 33 is solved using the
Gauss-Doolittle method for banded, nonsymmetric matrices. The coefficient
matrix is decomposed into the product of upper and lower triangular
matrices, from which the solution may be determined by back substitution.
Because the coefficient matrix is nonlinear, this solution procedure is
required for each iteration of each time step. The general form of the
coefficient matrix and the form in which it is stored in the program is
shown in figure 3, where MDIM is the matrix bandwidth and NDIM is the

number of rows.

21
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(1,1, a2, o, 0. o
(2,1>j\\\\\\\(2,2), (2,3), | 0 0

o , (3,2), (3,3), (3,4), 0
o, - 0, @,3),  (8.4), (4,5)
0 , 0o, 0, (5.4),  (5,5)

NDIM

1

a. Normal storage of matrix where bold marks indicate the

main diagonal.

o, (1.1, (1,'2)‘~~
(2,1), (2,2), O (2,3)
(3,2), (3,3), (3,4)
(4,3}, (4,4), (4,5)
(5,4), (5.5), | 0 |
- HDIN ]

b. Banded storage of matrix showing new location
of the main diagonal.

Figure 3. Normal storage of matrix and banded storage of matrix.
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Heat Loss Calculations

Geothermal reservoirs occur in areas of anomalously high heat flow.
The effects of the high geothermal gradient and the loss and gain of
heat to the base and cap rock are important factors that are incorporated
into the reservoir model. In a typical hydrothermal system, heat flows
into the reservoir at the base and out at the top.

In order to obtain the heat flux through the confining beds three
simplifying assumptions are made. First, the permeability in the
confining bed is assumed to be low and convective flow may be neglected;
thus, only the heat conduction equation needs to be solved. Further,
the horizontal conduction terms in the confining beds are assumed to be
small relative to the vertical terms, and may be neglected. For petroleum
reservoirs undergoing thermal recovery, it has been demonstrated that the
effect of horizontal conduction in the confining beds is small (Chase and
0'Dell, 1973). This assumption leads to the one-dimensional, heat-

conduction equation:

where the vertical thermal conductivity, density, and heat capacity of

the confining bed are considered constant. The final assumption is that

the geothermal reservoir, prior to exploitation, is at steady state; that

is, the heat entering’at the base equals that leaving at the top and the

net heat gain of the reservoir is zero. This assumption allows consideration
of only the "transient" heat flow caused by temporal temperature changes in

the reservoir.

23



Therefore, the one-dimensional, conduction equation may be reformulated

as follows:

AT = (o), A (35)

where T* =T' - Té (T' is the temperature in the confining bed and T6
is the initial temperature in the confining bed.)

Equation 35 is subject to initial and boundary conditions. The
initial conditions are simply T*(z,O) = 0. For the boundary condition
at the top of the cap rock, the temperature change is assumed to be
zero for all time. At the cap rock-reservoir boundary, a step function
in temperature is used. It is determined using the difference between
the initial reservoir temperature and the reservoir temperature at the
last time step (that is, the step function is lagged by one time step).
Once the T* distribution through the cap rock is determined, Fourier's
equation is used to compute the heat flux.

A similar set of boundary and initial conditions apply to the base
rock; however, instead of solving equation 35 for both the top and
bottom, it is assumed that the two fluxes are approximately equal and
therefore the total heat leakage is obtained by multiplying the flux
computed at the top by two. This assumption is valid since only the
"transient" heat leakage is considered; however, this portion of the
program could be modified if needed (for example, if steady state
thermal gradients above and below the reservoir are significantly

different).

24



In the numerical model, equation 35 is actually solved at each grid
block for each iteration. It is solved using a Galerkin, finite-element
approximation for the space derivative combined with an implicit
difference approximation for the time derivative. Linear elements are
used with a variable mesh generator that divides the confining bed
thickness into ten elements that double in size with distance from the
reservoir boundary. Therefore, the element adjacent to the reservoir
is relatively small, and it is the temperature difference across this

element that is used in Fourier's equation to compute the heat flux.



MODEL DOCUMENTATION

Notes on Use of Program

(1)

(2)

(5)
(6)

This version of the finite-difference model is restricted to
problems involving confined, horizontal reservoirs exhibiting
two-dimensional flow. Futhermore, the reservoir is overlain and
underlain by impermeable layers that allow only conduction of heat.
To minimize core requirements, the dimensions of the arrays

A(NBB,MBE) and R(NBB) must be specified for each problem, where

NBB = 2*NB
(NB - number of nonzero blocks, that is, blocks that have nonzero
permeability) and MBE is the estimated matrix bandwidth given for

two simultaneous unknowns at each grid block by

MBE =2 * (2*MM + 1) + 1
where,

MM = NY IF NX > NY

MM = NX IF NY > NX

and NX and NY are the number of columns and rows, respectively.

The actual matrix bandwidth is computed internally and printed.

If it differs from the estimated bandwidth, change MBE so that it

is equal to the actual matrix bandwidth. Also, change the dimensions
of array A.

The regression equations used in this program are based on steam
table data for a temperature range of 10° to 300°C.

The units of the input data must be in the cgs system.

At present most arrays are dimensioned to solve problems with a

maximum of 20 columns and 10 rows.

26



(7) Relative permeability functions described in equations 10 and 11 are
programmed in SUBROUTINE PRPTY statement numbers PRP1230 - PRP1300
where the residual water saturation, Swr = 0.3 and the residual steam
saturation, Ssr = 0.05. Other equations may be substituted for these;
the only restriction is that relative permeability must be a smooth
function of saturation. A non-smooth relationship (such as linear
interpolation between data points) can result in an oscillatory,
unstable solution.

(8) The two-dimensional treatment in this model assumes that the fluid

properties are uniform with depth. This assumption is probably valid

only for very thin reservoirs, but may be a suitable approximation for
some applications.

(9) The program should be in double precision, except when using a computer
having single precision accuracy to 10 significant digits, in which
case remove the REAL*8 IMPLICIT cards.

(10) Although the unknown dependent variables are pressure and enthalpy,
the user is given the option to read in either initial pressures and
temperatures (K@D9 = 1) or initial pressures and enthalpies (K@D9 = 0).
This option is provided since field temperatures are more readily
available than enthalpies. If temperatures are read, they are converted
in the program to enthalpies, and subsequent calculations are made using
the enthalpy values. If the initial conditions of the reservoir are two

phase, the user must read in enthalpies.

27



(11) To reduce the number of lines in the output, only the computed

(12)

pressures and enthalpies are printed for each time step. The user.
may, however, also have the computed water saturations, temperatures,
and fluid densities printed as often as desired by specifying the
proper value for IPRT. This parameter allows the additional data to
be printed every IPRT time step. For example, if IPRT = 10,
saturations, temperatures and densities will be printed on time

step 1, 10, 20, . . . until the end of the simulation.

Minimum number of blocks required for a successful run are two in the

x-direction and two in the y-direction,

28



Description of the Subroutines

The F@RTRAN IV code contains a main program and 12 subroutines,
which are shown diagrammatically in Figure 4. The purpose of each
subroutine is listed below.

MAIN Driving program for the subroutines. In addition, the large
arrays, A and R, are dimensioned to minimize core requirements.

GDATA Reads and writes problem information according to the formats
listed in the INPUT section of this report.

READ Reads the two dimensional arrays containing data for each
finite-difference block.

TCALC Computes the interblock transmissibility terms. Intrinsic
permeapility is determined as a harmonic mean of the values in the two
blocks.

MATR Computes and prints matrix bandwidth. The estimated bandwidth
should equal the computed bandwidth. The bandwidth is used in dimensioning
arrays, and if the estimated and computed bandwidths are not equal,
computational errors could result. See the section on 'Notes on Use of
Program' for details on how to calculate the estimated bandwidth.

PRPTY Computes thermodynamic properties based on regression equations
determined using data from steam tables.

VERTCD Computes vertical conductive heat leakage through a confining
bed. This is accomplished by solving the one-dimensional, heat-conduction
equation at each finite-difference grid block. The numerical method used

in this subroutine is the finite-element method.
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F@RMEQ Forms the final matrix equation. Note that the matrix
is nonsymmetric and that the dependent variables, pressure and
enthalpy are solved simultaneously.
SPLVE Solves the matrix equation using the Gauss-Doolittle method.
It triangularizes a banded nonsymmetric matrix and then back substitutes.
PDATA Prints the computed pressures and enthalpies for each
time step.
PHREG Determines the thermodynamic region for each finite-
difference grid block.

BALNCE Computes a mass and energy balance for each time step.

A generalized flow chart showing the approximate order that the

subroutines are used is shown in Figure 5.
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Figure 5. Generalized flow chart.
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TR e

Input

Columns Format Name
Card 1
1-80 20A4 TITLE
Card 2
1-5 15 NX
6-10 15 NY
11-15 15 NB
16-20 15 NK
21-25 15 NT
26-30 15 NS
31-35 15 MBE
36-40 I5 IGPT
41-45 I5 PPRT
Card 3
1-10 G10.0 DELT

Description

Problem title

Number of columns (x-direction)
Number of rows (y-direction)

Number of non-zero blocks (those with
non-zero permeability)

Maximum number of Newton iterations
Maximum number of time steps

Number of sources

Estimated bandwidth (see text)

Read 1 for upstream weighting;
2 for midpoint weighting

(See section on Finite-Difference
Representation)

Number of time steps between printing
thermodynamic data

Time step (in seconds)
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Columns Format Name Description

Card 4
1-5 15 K@D1 Read 1 if x-spacing is constant (otherwise,
leave blank)
6-10 I5 K@D2 Read 1 if y-spacing is constant
11-15 I5 K@D3 Read 1 if initial pressure is constant
16-20 I5 K@D4 Read 1 if initial enthalpy is constant
21-25 I5 K@D5 Read 1 if x-permeability is constant
26-30 15 K@D6 Read 1 if y-permeability is constant
31-35 15 K@D7 Read 1 if initial porosity is constant
36-40 I5 K@D8 Read 1 if reservoir thickness is con-
stant
41-45 15 K@D9 Read 1 if temperature is read in place
of enthalpy
Data Set 1 - X-spacing
1-80 8G10.0 DX (1) Spacing in the x-direction (NX values);
if constant, K@D1 = 1 and only read
one value (cm)
Data Set 2 - Y-spacing
1-80 8G10.0 - DY(J) Spacing in the y-direction (NY values);
if constant, K@D2 = 1 and only read
one value (cm)
Data Set 3 - Initial pressure?*
1-80 8G10.0 P(I,J) Initial pressure distribution in the

reservoir; if constant, KOD3 = 1 and
only read one value (dynes/cmz)

*Start new card for the beginning of each new row (may start with the
top row or bottom row, but be consistent) leaving blanks for missing
blocks.
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Columns

Format Name Description

1-80

1-80

1-80

1-80

1-80

Data Set 4 - Initial enthalpy *+

8G10.0 H(I,J) Initial enthalpy distribution in the
reservoir; if constant, K@D4 = 1 and
only read one value (ergs/g)

Data Set 5 - X-permeability*

8610.0 XK(I,J) Reservoir permeability in x-direction;
if constant, K@D5 = 1 and only read
one value (cm2)

Data Set 6 - Y-permeability*

8G10.0 YK(I,J) Reservoir permeability in y-direction;
if constant, K@D6 = 1 and only read
one value (cmz)

Data Set 7 - Porosity*

8G10.0 PHI(I,J) Reservoir porosity; if constant,
K@D7 = 1 and only read one value
(dimensionless)

Data Set 8 - Thickness*

8G10.0 DZ(1,J) Reservoir thickness; if constant,
K@D8 = 1 and only read one value (cm)

*Start new card for the beginning of each new row (may start with the
top row or bottom row, but be consistent) leaving blanks for missing

blocks.

*1f KgD9 = 1, read initial temperature distribution (°C) instead.
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Columns Format Name
1-5 I5 I
6-10 15 J

11-25 G15.0 Q(1,d)

Data Set

Description

9 - Sources

Column number of well

Row number of well

Strength (g/s) of source/sink at
block 1,j

Note: 1-NS cards; if NS = 0 this data set is omitted.

Card 5
1-10 G10.0
11-20 G10.0
21-30 G10.0
31-40 G10.0
41-50 G10.0

XKC

COND

PHFWT

DF
BETA

Medium thermal conductivity of the
reservoir (ergs/s-cm°C)

Confining bed thermal conductivity
(ergs/s-cm°C)

Rock enthalpy derivative with respect

to temperature (specific heat) (ergs/g°C)
Rock density (g/cm3)

Compressibility of reservoir (cmz/dyne)
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Qutput

To aid the user in detecting errors associated with data input, data
that is read in is immediately printed; thus output appears in the
following order:

Title of Problem

Finite-Difference Data

Grid Numbers

Time Parameters

Codes

Spacing in X-Direction

Spacing in Y-Direction

Initial Pressure

Initial Enthalpy

X-Permeability

Y-Permeability

Initial Porosity

Reservoir Thickness

Sources

Rock Properties

Maximum Bandwidth
In addition, every IPRT time step the following is also printed:

Water Saturations Printed at beginning of time step,

Temperatures but are based on pressure and enthalpy
Density from previous time step.

37



Finally, on a successful run, the following is printed every time step:
Step Number
Time
Pressure Values
Enthalpy Values

Mass and Energy Balance
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APPLICATIONS

Example 1

The linear flow of hot incompressible fluid through a confined

aquifer may be described by the following equations:

32u u
Kr-;—f = pCar > 2> 0, t>0 (36a)
z
Kaz—u-v c@-+;Ka—u= c, U 7=0,x>0,t>0 (36b)
t 52 wwCwax T brdz - Pttt at , :
subject to:
u(x,0) =0, x>0
u(0,t) =1,z=0,t>0
limitu =0
x2 + 22 o
T-T0
where u = TT is the normalized temperature; TO is the overburden
1

(underburden) temperature and the initial aquifer temperature; and T]
is the temperature of the injection fluid. The subscripts refer to the

rock, r, water, w, and total (rock and water), t.
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Avdonin (1964) presents an analytical solution for equation (36):

1
u(x,1) = %= [- (sy/%
2 ] e

[s}

2 2,
_..._)L) ]erfc (Qs_.iz.) 9_52';_ . e .
2svT 2v1-8 s

4K t Qc o
2x t ww

where X= —; T= = ;

y 27 Y H
4K,

ctptb

Kcp
& =\Ii:2£6£ ; and Q is the injection flow rate. (In the
ttt

original reference, y is defined with an 8 in the denominator; this appears
to be a typographical error.)

To simulate this problem, the following assumptions were made:

1) Temperature is a function of enthalpy only, according to:

T = - 0.0208 + 2.39 x 10~2h (38)

2) Density is a function of pressure only, according to:
o = 0.989875 + 4.00894 x 10' 'p (39)

3) Porosity is constant.

These changes must be made in the program by appropriately changing the
single-phase (water) statement functions for temperature and density, and

by appropriately changing their respective pressure- and enthalpy-derivatives.
For constant porosity, beta is read as zero. Other parameters and the

initial conditions used in this example are given in table 1. A block-
centered grid consisting of 20 blocks was used, and the time step was

6.25 x 106 sec. The total simulation time was 3.75 x 108 sec.
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The results are presented in figure 6. This problem was chosen
because it exhibits pronounced truncation error in the approximation
of the spatial derivatives. Time steps were chosen to reduce time
truncation errors. Both mid-point weighting and upstream weighting
were used. It is clear that mid-point weighting approximates the
temperature front better ihan upstream weighting, but exhibits
oscillations at the base of the front. Upstream weighting smears

the front out by numerical diffusion and does not exhibit oscillations.
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TABLE 1 - DATA FOR AVDONIN LINEAR EXAMPLE

PARAMETER SYMBOL VALUE

velocity v 1.28 X 104 cm/sec
porosity ¢ 0.20

Teservolr thermal conductivity K 3.20 X 106'ergs/sec-cm °c
confining bed thermal conductivity X' 3.20 X 105 ergs/sec-cm °c
rock density Py 2.50 g/cm3

rock specific heat <. 1.01 X 107 ergs/g °%
aquifer thickness b 2.00 X 10" 3m

initial pressure Py 1.38 X 107 dynes/cm2
initial enthalpy hi 3.35 X 109 ergs/g

initial fluid viscosity by 3.58 X 1073 g/cm-sec
initial temperature Ti 80.19 °c

injection temperature T' 40.01 °c

fluid density P 0.99 g/cm3

fluid specific heat <, 4.18 X 107 ergs/goc
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Example 2

This example was designed to demonstrate the behavior of an initially
hot-water geothermal reservoir that develops a two-phase zone under fhe
influence of production. This problem was originally solved using a
finite-element model and a five year simulation period (Faust and Mercer,
1975) and was rerun later under the same conditions using a finite-
difference model (Faust and Mercer, 1976). The finite-difference
simulation in this report is the same as that presented in the above
references, however this simulation stops after 104 days.

Data for this example is given in table 2. This is a one-
dimensional problem and therefore only one row is used in conjunction
with ten columns, giving ten non-zero blocks. It is assumed that the
reservoir is closed to the flow of heat and mass at all boundaries.

The time step is 5.0 x 105 seconds and the maximum number of time

steps is 18, with a maximum.of twelve iterations. The estimated
bandwidth is seven, and the spacings in the x- and y-directions are

2.0 x 104 cm and 5.0 x ]04 cm respectively. Upstream weighting is

used and there is only one sink located (at the left end) in the first
block (1,1). A listing of the formated model data is given in figure 7

Finally, the relative permeabilities used for this problem are:

krw

[(s, - 0.35)/0.65]* (40)

and

o
1}

2
rs = {1.0 - [(s, - 0.35)/0.65]°}
(41)

{1.0 - [(s,, - 0.35)/0.651}° .
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TABLE 2 - DATA FOR EXAMPLE WITH CONVERSION

porosity ) 0.10

reservoir thermal conductivity Km 3.20 x 105 ergs/sec-cm°C
. 3

rock density P, 2.50 g/cm

rock specific heat C. 1.01 x 107 ergs/g°C

aquifer thickness b 5.00 x 107 cm

e 7 2

initial pressure P; 4.38 x 10" dynes/cm

N 10

initial enthalpy hi 1.02 x 10"~ ergs/g

initial temperature Ti 236.12°C

initial density Py 0.82 g/cm3

permeability K 1.00 x 10710 cn?

discharge rate Q 2.00 x 104 g/sec
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Figure 7.

Formated Data for Example 2.

EXaMPLE RUN wlTH CUNVERSION

10 1
500000,
1 1
20000.
50000
«438D8
1.024C10
0.1C~S
- 0e1L=S
0.1
50000.
1 1
3.205

10 12

1 1

-20000%.
0,00000

18 1
1 1
1.0107

46

25

0,000



These relationships may be found in the program at statement numbers
PRP1230 - PRP1300. For problems with different functions, the user must
change these statements. Note that experience has shown that these
functions must be smooth and continuous or numerical oscillations may
result.

At the end of 17 time steps (8.5 x ]06 sec) the finite-difference
model predicts that the water saturation in the first block is 0.96994;
all other blocks are at a saturation of 1.0. For illustrative purposes
results from the finite-element and finite-difference models (Faust and
Mercer, 1976) for the five year simulation are compared in figures 8
and 9. In figure 8, pressure is plotted versus distance (origin is at
the left end of the reservoir), for various simulation times. The
specified times represent the duration of exploitation. In this example,
the pressure drops rapidly in the early stages of production, and at the
end of one month the first block has become two phase. When this occurs,
the pressure continues to drop rapidly in the rest of the reservoir, but
changes only slightly in the block containing the sink. This is expected,
because once a block becomes two-phase, the pressure is maintained by the
formation of steam. Also, note that once'the system becomes two phase,
the time step may be increased without causing any numerical problems.
After 3 years of exploitation, the pressures in the entire reservoir have
Towered to a point just slightly above the saturated-vapor pressure.
Subsequent mass extraction results in reduced water saturations in elements

near the sink, and pressures drop very siowly.
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Water saturation distributions at the end of 5 years of exploitation
predicted by both the Galerkin- and finite-difference models are shown in
figure 9. Note that the finite-element solution exhibits an oscillation
in the saturation distribution. The upstream-weighting scheme used in the

finite-difference model eliminates this oscillation.
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NOTATION

Parameter %ﬁ;ﬁf Description

b DZ reservoir thickness

c. PHFWT rock specific heat

h H enthalpy

hr HROCK rock gntha]py

hS HS steam enthalpy

hw HW water enthalpy

Km XKC medium thermal conductivity

Kr COND confining bed thermal conductivity
XK X- permeability
YK y- permeability

kr XKW water relative permeability
XKS steam relative permeability

p P pressure

an Q mass source term

i QH energy source term

q]] CQ vertical conductive energy source

term

Sw SW1 water volume saturation

T TEMP2 temperature

t TIME simulation time

B BETA rock compressibility

Mo VS steam viscosity
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Parameter

Coded
Name

VW
DEN2
DF
DS
DW
PHI

Description

water viscosity
density

rock density
steam density
water density

porosity
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e X g}

OO0OO0OO0OOOOOO0O0

lg]

e N eNel oo [aNeNe!

cnoo

o

MAIN PRUGRAM MNP
S 41 &1 4 45 36 35 38 21 4 34 34 MNP
IMPLICIT REAL#8(A=H,0-4) MNP
~ N

PURPGSE: TO SIMULATE VAROk= AND LIQUIU=DUMINATED GEOTHERMAL MNP
RESERVOIKS USING FINITE OIFFERENCE TECHNIWUES MNP

PRCGRAMED BY CHARLES Ke FAUST AND JAMES w, MERCER MNP
Ue Se GEOLOGICAL SURVEY MNP

1975=197¢6 ¥NF
cemecemceccmmmmcccmmammmcesmmccmmcemmeSSececmmeceeeecccmcmcmmenanac=fN\P
A MNP

TO MINIMIZE CURE, DIMENSION A AND R FUK EACH PROBLEM: ) AN
A(NBBIMBE) s R (NBH) MNF
DIMENSION A(300+43)s R(300) MNP
MNP

COMMON /INPUT/Z PHI(20¢10) XK (20¢10)sYR(20410)+P(20910)9H(20910) 9 X (MNP
1400) 9X1(40U) sNP(20910) sNFP(20042) DX (2U) DY (10)9sDZ(20+10)+G(20910)VnNP
COVMMON /CONTRO/Z NKINXoINXXoNY gNYY ¢NByNBooNToDELT e TIME PHFWToDF ¢ XKCoVMNF
1COND o CUEF o+ BETA IFPRT MNP
CUMMON /WOKK/ AX(21e1U) sbX(21010)9EX(Z21910)eAY(20911)¢BY(20911)9EYMNP
1(20011) eTX(21910) oTXK(Z1910)eTY(20911)eTYK(20911)9XM(20010) 9 XMASS (MNP
220910) vEN(20910) ¢ENERGY (2U810)9C (20410} sD(20410)sF (20910)9G(20910)NMNP
3¢QF(20010) o XN(2001U) o TM(20910)sUTP(20910) sDTH(20910) «PHIC(20910) +PVMnF

40LEC(20410) MNP
COMMON /EXTRA/ MBWeMBE MNP
COMMON /CHECK/ INO(20J) o INLOLD(200) MNP
E e e L e L R L et LR L L P B L e LDl L Lt Y
MAP

GeET DATA - MiNE
CALL GDATA(IOPT) MNP
3% 48 3 38 3 40 40 48 3 41 826 4 3 3 MNP
NKK=NK MNP
MNP

FCKk DIMENSIONING - AN
NBRBD=NBbB Mk
MBED=MBE Mo P
MivF

CALCULATE TRANSMISSIBILITY TERMS = AN o
CALL TCALC(UY oDXoDZoxmoYKaTYoTYKaTXoTARGXKCoNYsNXgNYYoNXX) N
L T T L R Ry e A R e R Y Y vYNF
MNP

CALCULATE BANDWIDTH = MNP
CALL MATH (NP ¢NY ¢NXeMBE sMpw) MNP
L R R R R X R Y R VNF
’ N

CHECK INITIAL PHASE CUNDITIONS vip
CGMPUTE THERMODYNAMIC REGICN - N
CALL PHREG(IND) MNP
RO ERSBELED G MNF
DO 10 K=]+n8 ¥ivP
10 INCCOLUO(K)=IND(K) MAP
MNF

57

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
2u0
210
220
239
240
250
260
270
28v
290
300
310
320
330
340
35v
3ol
370
384v
390
400
410
420
430
440
450
40U
470
4 by
490
500
51v
520



s NeNeXKe] (o]

(e N g}

(e EeNe!

“:CALCULATE INITIAL BALANCE -

CALL BALNCE (0sNKKsPCEE)
RRRBRRBERERRGRRR RSN

JIME LOOP =~
DO 180 L=1sNT

ITERATION LOOP -
DO 130 KKK=1sNK

CALCULATE PROPERTY COEFFICIENTS =

CALL PRPTY (LyKKK)
(ZTTTTTTY T LT YR ¥ Y

INITIALIZE BOUNDARY ARKAYS =
DO 20 I=1,NX
AY(I51)=0.D0
BY(I+1)=0,D0
EY(I+1)=0,00
AY (I4NYY)=0.00
BY (IyNYY)=0.D0
20 EY(IyNYY)=0.D0

DO 30 J=1NY
AX(1l9J)=0.00
. BX(1yJ)=0,D0
EX(1yJ)=0,D0
AX(NXX9J)=0,D0
BX(NXX9J)=0.D0
30 EX(NXX9d)=0,00

DO 50 J=1yNY

DO 50 I=2eNX

FOR UPSTREAM WEIGHTING =
ALPHA=1.D0

IF (P(I=19J)eGTeP(Ilyu)) ALFHA=0,0D0

IF (I0PT.EQs1) GO TO 4U -
FOF MIDPOINT WEIGHTING =
ALPHA=OX (I) /(DX (I)+0X(i=1))

40 EX(IoJ)=(ALPHA®XN (loJ) *(1e0=ALPHA)I#XN{L=19J))®#TX(IeJ)

MNP 530
¥NP 540
MNF 550
MANF 560
MNP B TU
MNP 580
MNP S99
MNP 60U
MNF 610
MNP 620
MNFE 630
MNP 640
MNF 650
MNF 660
MaF o670
MNE 680
MNE 09U
MNF O TQ0
MNFOTIU
MNF 720
vMaP 730
MNP 740
MNP 750
MNP 760
MAFE T U
#NF T80
MNE 190
vnF 80U
MANF 10
MNP 820
MAF B30
MAF 840
MNE BS540
*nF HOU
MANF 470
MAP HBO
¥nP el
MNP S00
MNP Slu
¥MAF 920
wik 930

AX(I9Jd)=(ALPHAH#DTP (1+4J) ¢ (1o 0=ALPHA)#DTF (I=19J) ) BTXK(ToJ)+ (ALPHA®TMIMAF 940

T(Isd)+(1e0=ALPHA)#TM(L=19u) ) #TX(IsJ)
50 BX(IsJ)=(ALPHASDTH(I9sJ) ¢+ (le0-ALFRA)#DTN(I=19y) ) #TXK(TsJ)

DO 70 I=14NX
DO 70 JU=24¢NY
ALPHA=]1.00

IF (P(led=1)eGTeP(Ieu)) ALFHA=0.00

IF (IOPT.EQs1) GO TO 6V
ALPHA=DY (U) 7 (DY (J) +DY (U=]))

60 EY(IoJ)=(ALPHA®XN(IsU)*+(1e0=ALPHA)#XN(Lou=1))#TY (1sy)

58

MNE 900
¥ink 960
MNE 9TU
MNP S8
MaF S0
MrkF19Q0U
MANFLOLU
LEN B R4
MAFL1US30
varl0au



e X 2]

O OO0 OO0 O

OO0

70 BY(IoJ)=(ALPHA#DTH(I9J) ¢+ (1e0=ALPHA)#DTH(I9J=1))*TYK(T0J)

80

85

100
110
105

120

AY(I,J)'(ALPHA'DTP(I,J)O(loO-ALPHA)’DT?(IoJ-l)f’TYK(Ivd)¢(ALPHA'TMNNPIOSO

1(Iod) ¢ (1e0=ALPHA) #TM(I9J=1))®TY (IsdJ)

FORM FINAL MATRIX EQUATION ~
CALL FORMEQ(A+sRsNBBDyMBED)
ERGRRRGRARSRROR RGBSR RSN

IHALF=(MBW=1)/2

TRIANGULARIZE =

CALL SOLVE(l9AsRyNBBy IHALF 9¢NBBDsMBED)
T L T TN Y T Y T T T T

SQLVE = -
CALL SOLVE(2+AsRyNBByIHALFyNBBDMBED)
LY YY YT 2222 R X R Y ALZ AR Y XS R T LT 3
DO 80 K=1yNB

X1(2#K=1)=X]1(2#K~1) +R(2#K=1)

X1(2#K) =X1(2#K) +R (2#K)

IF (KKK+NEel) GO TO 110

CONTINUE

CALL PHREG(IND)
L ITITYT T YT T

DID A CONVERSION OCCURE? =
DO 100 K=1yNB

INDOLD (K)=IND(K)
GO0 7o 105
CONTINUE

IF (KKKe«GE.%4) GO TO 85
CONTINUE

DO 120 K=14NB
I=APP(Ks1)
JENPP (K9 2)
P(IyJ)=X]1(2%K~])
H(IeJ)=X1(2%K)
WRITE (6+190) KKK
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130

140

150
160

CALCULATE MASS AND HEA! BALANCE =

CALL BALNCE (19KKKosPCEE?
HORBUBBHABR BB AR RBHD G OR

ERR=DABS (PCEE)

CHECK ERROR OF ENEKGY BALANCE TO UETERMINE NUMhER OF [TERATIONY

IF (ERR.LT«0.02) GU TOU 140
CONTINUE

GO TO 160

CONTINUE

DO 150 I=lyNKX

DO 150 J=1sNY
XMASS (I 9u)=XM(I9d)

ENERGY (LoJ)=EN(I+J)
CONTINUE

END ITERATIGN LOOP

170

180

D0 170 K=1sNBB
X(K)=X1(K)
TINE=TIME+DELT

PRINT RESULTS =
CALL PDATA(PeHoeTIME L INYynX)
Y L L e Yy ey

CONTINUE

END TIME LOCP

190

STCP

FORMAT (//15Xs16HITERAIION NUMBERIS)

END
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SUBEROUTINE GDATA(IOPT) CaT
SH49 41 48 33 36 41 48 31 4 43 48 43 85 20 3 48 3 8 S 41 B AT
IMPLICIT REAL®E(A=H+0=2) OAT
N - vaTl

CALLED FORM MAIN val
PURPOSE: 10 READ AND WRITE PROBLEM INFORMATION CaT
e cecccer s ce - e L et it tlatakatated *2 R |
DIVMENSION TITLE(20) ’ DAaT
CaTt

CONMMON /INPUT/ PHI(20910) 9AK(20010)9YK(20910)eP(20910)+H(20910) X (DAT
1400)¢X1(400) NP (20910) sNPP(200¢2) 9DX(2V) DY (10)eDZ2(20910)90(20+10)0AT
COMMON /CONTRU/ NKoeNXaNXXoNY oNYY ¢NBoNBEyNToDELT s TIME 4PHFWT9sDF o XKCoAT
1COADsCOLF o BETA S IPRT DaT
COMMON /WUKK/ AX(21910) 9BX(21010)9EX(2L910) 0AY (20011)eBY(20911)9EYDAT
1(20911) 9TX(21910) 9 TAK(C1910)oTY(20911)9TYK(20911)9AM(20+410)9XMASS(DAT
220910) sEN(20910) sENERGY (20910)9C(209010)9D(20410)+F(20010)9G(20410)DAT
390R(20010)9XN(20910) ¢TM(20910)9s0TP(20910)eDTH(20410)4PHIC(20510) 9PDAT

40LC(20910) CAT
CUMMON ZEXTRA/ MBwsMBE AT
L b T R D R e el kit 1 1
DAT

READ AND WKRITE UNITS = DaT
NR=S CAT
Nw=6 DAT
OaT

INITIALIZE SIMULATION [TIME - DaY
TIFE=0LDO CaT
OaT

READ AND whITE TITLE UF PRUBLEM = AT
READ (NH9280) TITLE CAT
WRITE (Nwel290) UAT
WRITE (Nw,y300) TITLE DAY
UaT

READ AND WRITE FINITE UIFFERENCE INFUORMATION = DAT
KEAU (Nroe310) NXeNYsNOINKINTaNSyMBE S IUFT s IPRT vat
NX = NUMBER OF CULUMNS (X-DIRECTION) DAT
NY « NUMBERK OF ROWS (Y=DIRECTION) DAT
Ne = NUFBEKR OF NON=ZERU glLUCKS Oal
NK = MAXIMUM NUMBER OF NE«TON ITERATIUNS Cat
NT = mMAXIMUM NUMBEKR OF ‘TIME STEPS CarT
NS - NUVRER OF SOURCES cat
MHEE - ESTIMATED BANUWIUTH car
IOPT = KEAD 1 FOR UPSIREAM WEIGHTING Un PRESSURE S LAT
2 FOR MIDPUINT WEIGHTING Cal

IPRT = NUMHBER OF TIME STERS BETWEEN PRINTING THEKMO pATA vaT
WHITE (Nwy320) el
WRITE (Nwe330) NXeiNYsNDeNKINT yNSeMBE s LUPT o IPKT . vaY
Unt

NXX=NX+] UAT
NYY=SNY+] Cal
NBE=2%#Nb Uart
NBE = TUTAL NUMBER OUF EQUATICNS LaT
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TIME PARAMETERS =

READ (NR9340) DELT

DELT - TIME STEP IN SECONDS
WRITE (Nw,370) DELT

DATA CODES -

READ (NR»310) KODIOKQDZQROD30KOD40KOD5’K006!KOD?!KOUBQKODQ

KOD1 = READ 1 IF X=SPACING IS CONSTANT

KOD2 =~ READ 1 IF Y=SPACING IS CONSTANT

KOD3 = READ 1 IF INITIAL PRESSURE IS CUNSTANT

KOD4 = READ 1 IF INITIAL ENTHALPY IS CUNSTANT

KODS = READ 1 IF X=PERMEABILITY IS CONDTANT

KOD6 = READ 1 IF Y=PERMEABILITY IS CONSTANT

KOD7 = READ 1 IF INITIAL POROSITY IS CUNSTANT

KOD8 = READ 1 IF RESERVOIR THICKNESS IS CONSTANT

KOD9 = READ 1 IF TEMPERATURE IS READ IN PLACE OF ENTHALPY

WRITE (Nwy260) KOD1yKOU2IKOD3I yKOD4sKODD+KOD64KODT9KUDBIKCDS

SPACING =

IF (KODl.EQ.1) GO TO 1V
READ (NR9340) (DX(I)eI=1yNX)
GO 10 30

READ (NR9340) 0X1

D0 20 I=1yNX

DX (1)=DX1
WRITE (Nwy350) .
WRITE (Nw»390) (DX(I)sl=1sNX)

IF (KOD2+EQ.1) GO TO 4V
READ (NRy340) (DY (J)sd51sNY)
G0 TO 60

READ (NR»340) DY1

DO 50 J=1sNY

DY (J)=0Y1

WRITE (Nws360) \
WRITE (NW9390) (DY (J)susleNY)

PRESSURE =
WRITE (NW,380)

CALL READ(PyKOD3IsNYNX)
‘opBROBBBRBRRREDNOBODNRRY

ENTHALPY =

IF (KOUS9+EQel) WRITE (NWs270)
IF (KODSeNEs1) WRITE (NWe400)
CALL READ(HyKOD&4sNYsNKX)

Y s

IF (KOD9.NE,1) GO TO 100

TEVMPERATURES READ (COMPRESSED WATER REGVION ASSUMED)
COMPUTE ENTHALPY BY NEWTON=RAPHSON METHOD
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0ATY
0AT
0AT
0AT
0aT
CAT
DAT
Dat
CaT
bar
carv
OarT
DarT
vaJ
DAT
DAT
CaT
arv
DaT
DaT
LaT
Cat
uAaT
Cat
CAT
AT
CAT
Lat
LarT
LAT
LaT
Cat
VaT
cal
UaT
LaTt
CaAT
OaT
CaT
CaTt
CAT
Cat
CAT
oAT
UAT
et
OAT

530
540
550
560
570
540
590
600
610
620
630
640
650
600
670
660
690
700
710
720
730
740
150
760
770
180
790
800
810
820
830

840

850
gou
870
880
890
S0u
Sl0
g2u
930u
9490
950
Y6l
CRA)
S8
ERA]

GAaT1UO00
BeTl010
vatloeo
Lallu3v
LrTllGau
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70

80

90
100

110

120

DO 80 Ju=1sNY
DO B0 I=19NK

IF (H(Isd)eEGQeOs) GO TU BU

T=k(Ted)
H(IeJ)=T*#41841004,18
PP=P (I1eJ)®0s1087
HH=H (19J) #0.1%%7

DO 70 Jus=lsé

Tl=-2.41231*2.562220—016HH-9.314150-03?PP“PP-2c25680;05°hH“HH
07=2,562220-01-4.51360U=05%HH

DH==(T1=T) /DT
HH=HH+DH
CONTINUE
H(IoJ)=HH®10 887
CONTINUE

WRITE (NwedUO)
DO 90 J=1g¢NY

WRITE (NWe390) (H(Lsd)eI=1eNX)

CONTINUE

X= AND Y=PERMEABILITY =
WRITE (NWe4l0)

CALL READ (XKe¢KODSaNYgnNA)
#ppeRRBROBSBERERREDOEOY

WRITE (Nwy420)

CALL REAC(YKsKOQD6eNYsNX)
ReadeaRARBEDEBBERERBHETY

POROSITY -
WRITE (Nwy430)

CALL READ(PHIsKODT7anNYyINX)
HEARBEHENBBBBRBBR BN BB R RO

SAVE PRESSURE AND INITiAL FOROSITY =

DO 110 I=1oeNX

DO 110 u=1sNY
POLD (Ivu) =P (I4J)
PHIO(IsJ)=PHI(I+dJ)

RESERVOIR THICKNESS (dY HBLUCKS)

WRITE (Nwy440)
CALL READ(DZyKOD8sNYNX)

dhftenbbELELRBRRBBOEETY

SQOURCE/SINK (G/SEC) =
WRITE (Nwy450)

D0 120 u=1sNY

DO 120 I=]1enNX
O(Isd)=0.00

IF (NS.EG.0) GO TO 1l4v
00 130 K=19NS

READ (NRs460) ToedeQ(I9y)
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150
160

170
180
190

200

220

WRITE (Nweé70) IedsQ(led)

ROCK PROPERTIES =

READ (NR9340) XKCesCONUSIPHFWTsDF 9BETA

XKC = MEDIUM THERMAL CUNDUCTIVITY

COND = CONFINING BED THERMAL CONDUCTIVITY

PHFWT = ROCK ENTHALPY UERLVATIVE WeReTe TEMPERATULRE
DF - ROCK DENSITY

BETA = ROCK COMPRESSIBILITY

WRITE (Nwg480) XKCeCONUGPHFWT sLF+BETA

COMPUTE COEFFICIENT FOr CONDUCTIVE LEARAGE -
IF (COND.LT«0.1) GO TO 150

COEF=DF #PHFwT/COND

GO TOo 160

COEF=0.D0

CONTINUE

NUMBER GRID BLOCKS =

NP (IsJ) = SEQUENCE NUMBERING OF BLUCKS I.J
I8N=0

DO 190 I=1eNX

D0 180 JU=19NY

IF (DZ(I9J)sLTe0.001) 60 TC 170
IBN=IBN+1

NP (IsJ)=1BN

G0 TO 180

NP (I,J)=0

CONTINUE

CONTINUE

WRITE (Nws240)

DO 200 J=1aNY

WRITE (Nwe250) (NP(IsJ)el=19hX)

CONPUTE I.J FOR EACH SEQUENTIAL ELOCK NUMBER =
D0 220 I=]1yNX

DO 220 J=1eNY

Id=NP(Isy)

IF (IJetQ.,0) GO TO 22¢

NPP(IJsl)=1I

NPP(IJs2)=dJ

GO0 70 220

CONTINUE

INITIALIZE SOLUTION VECTOR =~
DO 230 K=1+NB

II=NPP(Ky])

JUSNPP (Ky2)
X(2#K=1)=P(I1IsJJ)
X1(2#K=1)=P(II+JJ)
X(2#K)=H(I1sJJ)

X1 (2#K)=h(I1sJJ)
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UAT1S17U
CaTlo8u
LAaTlLbY0
caTlevo
LaT1610
LaTlecu
LaT1630
Catlea4l
DAaTlénu
vaTlesu
CaTlelv
vallesl
LaTl690
CAT17U0u
DATIT1U
DaTli72v
UaTl7sv
VAT1740
UaTl75v
UsTlleu
DatTl77v
OaTl1780
DAT1790
DATL80O0
DATlalvu
LAT1820
LaTlesy
DaT1lb40
caTlgvu
CaTleobU
catlaro
LaTldoeu
CAT1dY0
UAT1Y00
vtallylu
Cnallvlu
LeTlysu
BaTlsa0
Vallyso
LaTlSoU
UaTls7d
UhaTlvau
Cat20uu
LeT2010
UAT202v
carz2uviu
BATZ2040
LaTZ2ubu
CATZ2060
Laie0tv
CATZuov
LAT2090



230 CONTINUE 0AT2100

RETURN DATZ110
DAT2120

240 FORMAT (11X9¢12HGRID NUMBERS/11Xsl2(1H=)) DATZ2130
250 FORMAT (11X91615) DAT2140
260 FORMAT (/////711X9SHCOUES/11XeS5(1lH=)/11X49]5) Dat2lso
270 FORMAT (/////911Xs19HINITIAL TEMPERATURE/11Xy19(1H=)/) uatzaleéol
280 FORMAT (Z0Aa4) Dat12l79
290 FORMAT (lH19//7/35X925HSTEAM=-WATER FLOW ANALYSIS//) LAT2180
300 FORMAT (11X97O0(1H®)//11Xe20A4//711KeTOULIRH®) /) - LaT2190
310 FORMAT (161I5) . uaT2200
320 FORMAT (/11X922HFINITE OIFFERENCE DATA/11X922(1H=)/) Uat2210

330 FORMAT (1H 210Xe11HNUMBER UF =92X9 THCULUMNS+123/721X91H=9Z2X94HRCWSsUAT 2220V
112€/21X91H=92X9 1SHNON=LERC BLOCKS»I15/21Xs1H=y2X918HMAXINUM ITERATUATZ2230
2IONS9112/21X91M=92X918NMAXIMUM TIME STEPSs112/21X91H=92XeTHSOUKCESDAT2240
39123/21X91H~92X919HESTIMATED BANDWIOTHIL11/21X91H=02Xs16RWEIGHTINGDAT2250

4 OFTION9I14/21XelH=92X915HPRINTING OPTIONyI1S///) DaTz2z60
340 FORMAT (8Gl0.0) LaT2270
3950 FURMATY (////77911X922HSPACING IN X=DIRECTIUN/]11Xs22(LlH=)/) UaT2280
360 FORMAT (/7777911 X922HSFACING IN Y=DIRCUVTIUN/11Xe22(1H=)/) UATZ2290
370 FORMAT (///911X915HTIME PARAMETERS/11X915(1H=)//11Xe28HINITIAL TIMUEATZ2300

l€ STEP IN SECONDS»G22.8/) DaT2310
380 FORMAT (//7/77911X9l6HIRITIAL PRESSURE/L1Xel6(1R=)/) UAT2320
390 FORMAT (/7 (11X95(612e¢502X))) uat2330
400 FORMAT (/////7911Xel6HINITIAL ENTHALPY/L11X916(1H=)/) DAT2340
410 FORMAT (///7/7911Xel4HA=PERMEABILITY/11A914(1H=)/) uaT23s5u
420 FORMAT (///7//911X91aHY=PERVEABILITY/11A914(1H=)/) DaT2360
430 FORMAT (//7//911Xel6HINITLIAL POROSITY/L1Xel6(1H=)/) CaT2370
460 FORMAT (///7/7911X919HRESERVOIR THICKNEDS/11Xe19(1H=)/) DAT2380
450 FORMAT (/////7911X9 THSUURCES/11Xe7 (1H=)/) Ual23v0
460 FGRMAT (2154G15.0) UATZ2400
470 FORMAT (11Xx92]159619.8) Uatzalu

480 FORMAT (/11X915HROCK PrROPERTIES/11IXs19(1t=)/110eZ28HMEDTIUM THERNVAL LATP4acU
LCONDUCTIVITY=G17.5/711X935HCONFINING Bev THERMAL CONDUCTIVITY=Gl0.30al2430
2/11X%X+425HR0OCK ENTHALPY UERIVATIVE=G2043/11K913HRKOCK UFNSITY=G32.5/10AT2440
31Xe "ROCK CUMPRESSIBILITY='9G24,5/) LaTzano

ENC LATZ240U~
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SUBROUTINE READ (DUMsKOUEINY s l¥X)
Y LYY I Y TSI YT YR ALY Y )

IMPLICIT REAL®8 (A=H»0=Z)

CALLED FROM GDATA :
PURPOSE: TO READ TwO-UIMENSIONAL ARRAYS

DIMENSION DUM(20,+10) °

- - - - oy - - - - - - oy - - - - .- -kt U

NRa5

Nw=6 ’

IF (KODE+EQ@e.l) GO TO 2V

DO 10 J=1eNY

READ (NReT70) (DUM(IsJd)sI=leNX)
GO TO 40

READ (NRs70) DUM]

DO 30 J=1sNY

00 30 I=1¢NX

DUNM (T9J)=DUM]

DO 50 J=1yNY

WRITE (NWe60) (DUM(Igd)eI=1sNX)

- RETURN

60
70

FORMAT (/(11X98(612+594X)))
FORMAT (8G10.0) ’
END
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SUBRCUTINE TCALC(DY 9DAsDLoXKeYRoTYsTYRKOTXgTXKs XKCoNY gNXoeNYYeNXX) TCA
2RI ET TR YA R E T LML YRR 2R - XN IL‘A

IMPLICIT REAL#8B(A=Hs0~4) ica
TCA

CALLED FRUM MAIN Tca
PURPUSE: TO COMPUTE THANSMISSIHILITY IERMS - TCA
T R T Ko
DIMENSION OY(10)s UX(2U)s DZ2(209s10)9s XNR(20910)s YK(Z20410)s TY(20s1TCA
11)e TYK(eOs11)s TX(2L940)s TXK(21910) 1Ca
L T PpEpHpIpUCEpE B
TCA

COMPUTE TRANSMISSIBILLIY TewrwS IN THE A=-DIRECTION - 1Ca

DU 10 J=1sNY TCA

IF ONLY CNE COLUMNs SKIP CALCULATIONS = Tca

IF (NX.tG.1) GO TU 20 TCA

DC 10 I=24nNX 1Ca
TAC=0Y (W) #U2Z(I=19J) /0ALI=]) TCA
TXC=DY(J)®#DZ(IeJ)/UA(L) TCA
TXAZTXC#XKR (I=14J) 1CA
TXE=TAD#AK (14J) TCA
TTI=TXA+TXB 1CA

IF (TTTeEWeUos0) GO TO 10 TCa
PERMEABILITY TERM = Tea
TX(IsJ)=Z2.0#TXA#TXB/TT TCa
HEAT CONDUCTION TErm = Tca
TXK(T9d)=2,08TXCRTAD/ (I XC+TXD) #XKC TCA

10 CONTINUE TCa
20 CONTINUE Tca
Tca

COMPUTE TRAWSMISSIBILLIY TERMS IN THE Y=DIRECTION - 1ca

DO 30 I=1sNX _ Tca

IF (NY.EG.l) GO TO 40 TCa

DO 30 J=2enY 1Ca
TYCSDX(L)#DZ2(1sd=1)/0Y (y=1) TCa
TYC=DX (1) #DL(1sJd) /UY (J) 1ca
TYA=TYCH#YK(IyJ=1) TCa
TYB=TYD#YK (1ed) TCa
TTT=TYA+TYH TCe

IF (TTTeEGeU40) GO TU 30 ICa
TY(LsJ)=2.08TYA®TYR/TTI TCaA
TYK(Iou)=2.0%TYCETYL/ (IYC+TYD) #XKC fca

30 CONTINUE TCa
40 CONTINUE TCa
Tea

SET TRANSMISSIBILITY UF HBUUNDARY BLOCKS (REGULAR RECTANGULLAR Mt SA) TCA

TO ZERU (NU=FLOW) = 1Ca

W0 S0 I=1lsnX 1¢a
TY(Is1)=0.00 iCh
TYK(Is1)=0.00 1ca
TY(I4NYY)=0,00 Ica

50 TYK(IsNYY)=0,D0 1Ca
Tca
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60

70
80

DO 60 J=1lsNY
TX(1sJ)=0.00
TXK(19J)=0eD0
TX(NXX9J)=0.00
TXK(NXX9dJ)=0,00

SET TRANSMISSIBILITY

OF BUUNDARY BLOCKS (EXTERNAL &ND InNTERNALS

IRREGULAR MESH) TO ZERU =

00 80 I=1yeNX

D0 70 J=1eNY

IF (DZ(IQJ) -GT.O-DU’
TX(1+144)=0.00
TXK(I+19J)=0,00
TY(I9J+1)=0,D0
TYK(TeJ+1)=0,D0
TXK(Isu)=0.00
TX(IsJ)=0.,D0
TYK(I9J)=0eD0
TY(IsJ)=0.00
CONTINUE
CONTINUE

RETURN

END

GU TU 70

68
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SUBROUTINE MATR (NPyNY s NX g MBE sMEw) MaT

HRGHBRBRBIR BB ARG R RS R DR O R RSN BB MAT
IMPLICLT REAL#B(A=Hy0=2) MAT

MaT
CALLED FROM MAIN MAT
PURPOSE: COMPUTE MATRIX BANCWIDTH MAT
D T b L LT T L NI PR Rty PR S 7 L |
DIVENSION N(S)e NP(20910) MAT
T Lt T T LY 'Y |

MaT
COMPUTE MAXIMUM DIFFERENCE BETWEEN SEWUENTIAL HBLOCK NUMEERS ~MaT
OF ADJACENT BLOCKS = MAT
MM= 0 “aT
DO 80 I=1leN&A vMaT
DO 70 J=14NY MAT
DO 10 KK=14+4 MAT
N(KK)=0 ~MAT
Il=1-1 MaT
I2=1+] MAT
Jl=u=1 MAT
Je=Jde+l MAT
IF (Il.EQ.,0) GO TO 20 MLT
W(1)=NP(I1leJ) VAT
CONTINUE ' MAT
IF (I2eGTeNX) GO TOU 3u MAT
N(2)=NP(I2sJ) vMaT
CONTINUE vMAT
IF (Jlet@Q@.0) GO TO 40 ~MaT
N(Z)=NP(I+dl) MaT
CONTINUE MAT
IF (J2.CT.NY) GO TO Sv vaT
N(4)=NP (1sJ2) MAT
N(E)=NP (Ied) MaT
IF (N(5)eEWs0) GO TO v vAT
V0 60 K=14+4 val
1F (N(K)«EW0) GO TU 60 vAT
COVMPUTE DIFFERENCE - MO T
NN=N(5) =N (K) vaT
IF (NN.LT.0) NN==NN val
COMPUTE MAXIMUM DIFFERENCE = ~aT
IF (NN.GT.MM) MM=NN * VAT
CONTINUE vaT
CONTINUE VLT
CONTINUE MAY
COMPUTE BANDWIDTH = vay
MER=2%# (Z2#MM+]) +] vl
PRINT 90y MBWsMBE val
RETURN val

vMAaT
FORMAT (//11Xe*MAXIMUrM BANUWIDIH [S 'elas2Xy'COMFARED TO ESTIMATEUNMATY
1 BANOWIDTH OF '914/77) vaT
ENC MAT
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SUBROUTINE PRPTY (LoKKK) PrP

BEENGEORBRRR TR RRT RN PRE
IMPLICIT REAL*8(A=Hy0=2) PRE

PP
CALLED FROM MAIN PRP
PURPOSE: TO COMPUTE THERMUDYNAMIC PROFERTIES R FRP
g . P IS RO 11 37"
DIMENSION SW1(20+10)s JEMP2(20910)s DEN2(204+10) PKrP
DIMENSION CQ(20+10) : PP

PrE

COMMON /INPUT/ PHI(20910) 9XK(20910)9sYK(20910) 9P (20910)9h(20910) eX(FKP
1400) 9X1(400) yNP(20910) sNPP(20092) 90X (20)9DY(10)+DZ(20910)9(20+10)PKF
COMMON /CONTRO/ NKsNXoNXXaNYsNYY o NByNBBeNToDELT o TIME PHFWT gUF ¢ ARCoePRP
1CONDyCOEFsBETASIPRT PKP
COMMON /WORK/ AX (21 10)cBX(Zl;lO)oEX(Zlle)vAY(?Ovll)9BY(20911)9EXPRP
1(20911) oTX(21910) 9 TXK(Z1el0)oTY(20911)9TYK(20911)9eXM(20910) 9 XMASS(PRP
220910) sEN(20910) ENERGY (20910)9C(20910)9D(20410)4F(20910)9G(20910)PKP
39QH(20510) 9 XN(20910)9TM(20910)sDTP(20910)sDTH(20010),PRIC(20910U) sPPRP

40L0(20,10) PkF
COMMON /CHECK/ IND(200) 5 INDOLD(200) . FRE

T D T LT TRTHE NP 3 S USRI RSP PP N

PRE

STATEMENT FUNCTIONS FUKR THERMODYNAMIC FROPERTIES PHF

FRP

F1(PXyHX)=1400207444420070=44PX=5,4T450D- 5«Hx¢5.ozalqu-7uhxwpx 1.2PRP

147910=T7#HX#HX FRP

F2(PXyHX)==2,41231+2.50222U~14hX=9,314150«34pX4PxX=2, 256HL aS#HXUHX FHP
FI3(PXoHX)==2,26162D=5%V.0438441D0#PX=-1+790880~ S*Px*ona 692760~ 3%PFkF
IX#PX#PX#PX 45176440~ 3%HX#NX#HX#FX Pk
F4 (PXoHX)==3T74, 669U0¢4( 992100*Px-0.635606006Px*Px4l.393860-5¢+xﬁnruk
1X=3.337206/HX/HX/PXR/PX*0,035T7154D0/PX/FX/PA=]141T25U~Q#HXARXFHX#PX=PHF

22¢26861D15/HX/HX/HX/HX Frb
FrF

F1 - DENSITYs COMPRESSED wATER REGION B~k
F2 = TEMPERATUREs COMPRESSED WATER REGLIOA FRE
F3 = DENSITYsy SUPER NtATEL STEAM REGIUN FirP
F4 = TEMPERATUKE, SUPEK HEATED STEAM KEGION R
NKK=NK ERp
IF (L.NE.1) GO TO 20 bR
IF (KKK.NEsl) GO TO 20 FRP
FrE

INITIALIZE ARKRAYS = Fhr
DO 10 I=1.NX Frp
00 10 J=1leNY o]
XN(T+d)=0,00 hE
TM(I!J)=0.DO [ s
C(I’J)=0'DO FrF
D(Isd)=0.00 Frk
F(led)=0,D0 FhRE
6(I5J)=0.D0 e p
QH(I’J)=0.00 FrE
DTF(I+J)=0.D0 PrP
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DTHR(IeJd)=0.LO0
Swl(Ied)=0,00
DENZ2(I+J)=0.0D0
TEMP2(1+4)=0,D0
CONTINUE

CONT INUE

DO 80 I=1sNX

00 80 J=lsNY

IF (DZ(I1eJ)eEQ.0,LO) GU TO 80
PP=P (Ie¢J)
HH=H (I J)
PP=PP#(Q,14##7
HH=HH#Q . l##7

K=AP (IsJ)
IF (IND(K)) 30940950
CONTINUE

COMPRESSED WATER REGIUN -

UW=F 1 (PPyHH)

TENMP=F 2 (PPyHH)

POWP=4,426070=11+5.,028750=14%HH
PUNHZ==5,4T74560=12+5.02875U~14%FP=~2,4958Z0~14%HH
PTuP=~1.862830=9#PF
PTwh=2.562220=8~4.5]130U=]12%Hk

WATER VISCOSITY =~

1967 ASME STEAM TABLES FUKRMULA (P. T74) =

V=] 4 0D=6#(241.4#10.%#%(247.8/(TEMP+133.15)))

COVMPUTE EQUATION CUEFFICIENTS =
SPACE =

AN(IyJ)=Cw/VW
TM(I9J)=DWHHH/VWH#]1 U, 0% [
DYF(IsJ)=PTwH

DTF(Ied)=PTwP

TIVE =

C(IoJ)=POWPHPHI (L1oJ) #NHE] Qe ##T+PRFWTHP INP#DF# (1,0=PHI(1ed))
Clled)=C1oJ) +DWH#HH#1UTHBETA¥PHIO (1 9J)} ~PHIO (I sJ) #BETA#DF #PAFwI#TEFRF

ImMp

PRP
PkF
PRF
FRP
PR
PRP
PP
Prb
PrRP
PRP
PRP
PrP
FRP
PrP
PP
PRE
PRE
PrF
PrP
PRF
PRrRP
FrpP
FRE
PIF
tRF
PrP
FhE
FkE
FRrF
Fhi
PP
FF
PrP
FrP
PHRP
PHP
F=F
PrP
PRF

PRE

D(IlsJ)=POWH#PHI (1 4J) #HH# 10 4R T+PRFWTRP IWH#DF# (14 0=PHI(Iay)) ¢+UWRPHIFRF

1(L.0)
FOIod)=PhI(IoJ)#PDWP+UNSBETA®PHIQ(14J)
G(Isd)=PRI(IsJ)#PDWH

SWl(Tsd)=1400

TEVMP2(Lsd) =TEMP
DER2(1sJ)=0w

HEAT UISCHARGE =~
QH(1sU)=G(1sJ) #HHR10, %287
60 TO 60

7

FrP
Pr¥
FrF

530
5490
550
HSo!
570
s8¢
S90
600
6lu
620
630
64U
65u
[-1V}
670
700
110
1ev
T13v
740
-1
16v
770
780
T9v
800
H1lv
82U
Bsu
840
450
BoU
870
e E-1V}
a9u
90y
9lu
924U
Y30
G544
g5t
SouU
9Tu
980
990

FRF100U
FrF10LU
PKP1020
FRP 1030
FrF1040
PrE1USY
PrP1060
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CONTINUE

~AHASE REGION = .

HW2730,984+129.239%PP=10,03334PP#PP+0+3988] #PP#ppapp
«99,0697/PP+12,9267/PP/PP=0.628359/FP/PP/PP

HS=2822¢82=39,952/PP+2¢54342/PP/PP=0,9388794PP PP

TENP=F2 (PP yHW)

DwW=F1(PPyHW)

DS=F3(PPsHS)

WATER SATURATION =

SW=DS® (HS=HH) / (HH® (DW=0S) = (HN#DW=HS#DS) )

SST=],0=SW

SWORSW

VISCOSITIES =

1967 ASME STEAM TABLES FORMULA (P, T4) =

VW21 0E=06%(24]144810,%%(2467,8/(TEMP+133,.15)))

VS=1,0E=06%(s40T#TEMP+80,4)

RELATIVE PERMEABILITY (WATER) =

XKh=((SW=0435)/0.,65) #%4

RELATIVE PERMEABILITY (STEAM) =

XKS= (140=( (SW=0435)/0+65)##2) 8 (], 0= ((SW=0435)/0465)) ##2

IF (SWelT.0.3) XKW=0,0

IF (SWelTe0e3) XKS=1,0

IF (SWeGT40495) XKW=1.0

IF (SW.GT.0.95) XKS=z0.0

DEN=DW#SW+SST#DS

HHFE=HH#1,00100

SWaDS# (HS=HHH) / (HHH® (DW=DS) = (HW#DW=HS#US ) )

SST=1,0=SW

DEN1=DWeSW+DS#SST

POWH= (DEN1=DEN) / (HHH=HH) #14.D=7

PPP=PP#,.999D0

HHK=730.984¢129,239#PPP=10+0333%PPP#PPP+0,39881%PPP#*PPP#PPp

~99,0697/PPP+1249267/PPP/PPP=0.628359/PPP/PPP/PPP
HHS®2822,82=39,952/PPP+2,54342/PPP/PPP=0,938879#PPP*PPP
T12F2 (PPP,HHW)
DOW=F 1 (PPP s HHW)
DDS=F 3 (PPP y HHS)
SW=DDS® (KHS=HH) / (HH® (DDW=DDS) = (HHW*DDW=HHS#DDS) )
SST=1,0=Sw
DEN1=DDW#SW+DDS#SST
POWP= (DEN1=DEN) / (PPP=PP) #]1,D~7
TEMP1=T]
PTWP= (TENP1=TEMP) / (PPP=PP) #] ,D=7
SW=SW0

SPACE =

XN(IgJ)=XKWRDW/ VW XKS*#US/VS

TM(IaJ) = (XKWADWRHW/ VWS XKSH#DSHHS/VS) #1007
DTP(IsJ)=PTHWP

DTH(1+J)=0.0
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a0 00

TINE = PRP1570

C(IsJ)=PDWP#PHI (14J) #HH#10.##7+PHFWT#PTWP*DF# (1,0=PHI (14J)) PRP1580
C(IsJ)=C(IsJ) +DEN#HH®1eDT#BETA¥PHIO(I+J)=PHIO (I ¢y) *BETA®DF*PHFWT#TPRP1590
1EMF © - 'PRP1600
D(IsJ) =POWHSPHI (I4J) #HH#10 . ##T+DENSPHI (19J) - PRP1610
F(IsJ)=PHI(I4J)#PDWP+DEN*BETA®PHIO (I9J) PRP1620
G(I+J)=PHI(IsJ) #PDWH PRP1630
PRP1640

SW1(IsJ)=SW PRP1650
TENP2 (14J) =TEMP ‘PRP1660
DEN2 (I+J) =DEN _ PRP1670
QH(T+J)=Q(Isd)® (HW* (HS=HW) #XKS/ (XKS+VS*XKW/VWEDW/DS) ) #10,##7 PRP1680

G0 TO 60 PRP1690

50 CONTINUE PRP1700
' PRP1710

PRP1720

SUPER~HEATED STEAM REGION = PRP1730
DS=F3 (PP yHH) PRP1740
POWH==1,79088D=12%PP+1¢552932D~19%HH#HH#PP PRP1800
PDWP=4,38441D=9=1,79088D=12%HH+1,477104D~14%PP#PP#PP+5,17644D=20*HPRP1810
LHOHH*HH ‘PRP1820

HW=730.9844129.239%PP=10,0333#PP#PP+0.398814PPHPP4PP

1 =99,0697/PP+12.9267/PP/FP=0,628359/PP/PP/PP
HS=2822.82=39,952/PP+2454342/PP/PP=0,938879#pPPupp
TT1=F4 (PPyHH)

TT2=F4 (PPsHS)

TY3I=F2(PPyHW)

TEMP=TT1=TT2+TT3

HHE=HM®1.00100

TT1=F4 (PP yHHH)

TENPHETT1=TT2¢TT3

PPP=PP®0.99900

HW =730,984+129.239%PPP=10+03339PPPoPPP+¢0,398814PPP*PPP#PPP
1 ~99,0697/PPP+1249267/PPP/PPP=0.628359/PPP/PPP/PPP
HS=2822.82=39.,952/PPP+2,54342/PPP/PPP~0,938879#PPP#PpPP
TT1=F4 (PFPyHH)

TT2=F4 (PPPyHS)

TT3=F2 (PPPyHW)

TEMPP=TT1=TT2+TT3

PTWH= (TENPH=TEMP) / (HHH¥HH) ®1 ,D=7

PTWP= (TEMPP=TEMP) / (PPP=pPP) #] ,D=7

STEAM VISCOSITY =~ PRP1830
1967 ASME STEAM TABLES FORMULA (P. 74) = PRP1840
VS=1e0E~06#(o407#TEMP+80,4) ‘PRP1850

‘PRP1860
SPACE = PRP1870
XN(I4J)=DS/VS PRP1880
TM(IeJ)=DSHHH/VSH#]10,0%7 PRP1890
DTH(I+J)3PTWH PRP1900
DTP(I+J)=PTHWP PRP1910
TINE = PRP1920
C(IoJ)=PDWP#PHI (I oJ)#HH# 1 00T +PHFWT*PTWP*DF# (1,0=PHI (IsJ)) PRP1930
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60

70

80

90

100

110
120

130
140
150
160

C(Iyd)mC(IyJ) ¢DSHHH®] sUTH#BETARPHIO (1 9d) =PHIO([3d) ®

1MP °

HETA®DF #PHF wI#TE

FRP1940
PHP 1950

D(IvJJIPDWH’PHI(I9d)“HH“IOo“§70PHFNT“P!wH'DF“(loO-PHI(Iou))0DS“PHIFRF1960

1(Ied)
F(IsJ)BPHI(I9J)#PDWPeUSHBETA®PHIO(IJ)
G(IyJ)ZPHI(I9J)#PDWH

SW1(I+J)=0.00
TEMP2(IeJ)=TEMP
DEN2(I9J)=DS
QH(IsJ)EC(Iey) #HH*10.%*7
CONTINUE

IF (COEF.LTe0.1) GO TU 80

TRANSTENT CONDUCTIVE HEAT LEAKAGE ONLY =
IF (KKKoNE«1) GO TO Tu

IC=L +KKK

I1=NP (1sy) .

CALL VERTCD (DELTsTEMPsCOEF 9 COND+CQQsIL9IC)
[ Y Y 22X X2 IS X2 AL 22 Y L 44 0 2 2
CQQ=CQQ*DX (1) #DY (J)

CQ(I,J)=C00

CONTINUE

QH(I9J)=QH(L19J) +CO(Tsd)

CONTINUE

IF (KKKoNEol) GO TU 12V

PRINT THERMU DATA EVERY IFPKT TIME STEP =
IF (MOD(L+IPRT)¢NE40) GO TO 120

PRINT 130

DO 90 J=lsNY

PRINT 14Us (SWI(Isd)el=1sNX)

CONTINUE

PRINT 150

DO 100 J=1sNY

PRINT 140y (TEMP2(I,J)sI=1sNX)

CONTINUE

PRINT 160

DO 110 J=1sNY

PRINT 140y (DEN2(Isd)sl=1sNX)

CONTINUE

CONTINUE

RETURN

FORMAT (//711Xs'WATER SATURATIONSY/11Xed7(1lh=)//)
FORMAT (/7(11X98(G124592X)))

FORMAT (//11Xs'TEMPERATURES?Y/11X912(1H=)//)
FORMAT (//11Xs'DENSITY'/11X97(1H=)//)

END
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SUBROUTINE VERTCD (DEL(9TTsCOEF sCONDsCUsTT+1C) Vil

D L R L L g g Y L TR T VKT
IMELICIT REAL®E(A~Hy(=~¢) VKT
VT

CALLED FROM PRPTY VKT
PURPOSE: 10 COMPUTE VERTICAL CONUDUCTILIVE LEAKAGE THRQUGH ThE VRT
CONFINING Btu 8Y ThE FINITE ELEMENT METHOU varT

L e e L L L D e e R T Y T T L AVYE |

DIVENSION A(Y)s B(9)y C(9)s O(Y)e F(9)s DTEMP(200e11)e DELZ(200010VwT

1) TI(200)s ODTEMP(20VUs11) vl
WP e S o A 0 A B A e T T e WP e e e S e e S e T g, e mmmmneme- YT

VT
CONMPUTE BELTA Z ( ON FLRST TIME STEP) = VR
CTHK1=102300,D0 VT
IF (ICenEa2) GO TOU 30 VWT
NNZ=11 VT
NNZ - NUMBER OF NOUES IN (-DIRECTION VKT
CCVMPUTE DELZ (BASED O TEN ELEMENTS ANU DOURLING THE SIZE OF EACH VT
ELEMENT) = VhT
NNL=NNZ=1 VR T
NNL = NUMREK OF ELEMENIS [n 2=0IRECTIUN vVhT
DELZ(I1«NNL)=CTHK1/10£23.D0 Vi T
SUM=DELZ(ITIsNNL) . Ve T
JSTOP=NNL=2 VKT
DO 10 JJ=1eJSTOP VT
DELZ(IIsNANL=UJU)=2«#DELL(I]oNNL=UJ*]) VR T
SUM=SUM+DELZ (ITsNNL=JU) VT
DELZ(IIs1)=CTHK]=~-SUM VT

VT
INITIALIZE TI AND DOTEMP - VR T
TICII)=TTY VT
DO 20 Ju=leNnZ VR T
DOTEMP(IIsJ)=0eD0 VKT
CONTINUE v T

VT
INITIALL1Z2E DTEMP = VR T
DO 40 J=1eNNZ veT
DTEMP(ILeJ)=DDTEMP(I1sv) Vel

VT
FACTOK FOR TIME=-DERIVAlIVE - VT
THETA=1.D0 VKT

V'(T
SEE CUATSsET.ALes SPE U (DEC 1974) S90 FOR 1=DIM EQUATION,. Vel
BOUNDARY CUNDITIONS - VT
UPFPER = VT
DTEMP(IIs1)=0.D0 VT
LOWER = VR T
DTEMP(IIoMNZ)=TT=TI(II) VR

Ve T

Ve T
CALCULATE FINITE ELEMENT CUCEFFICIENTS FOR MATRIX EQUATION -~ VKT
J=0 Ve T
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80

DO 50 I=Ze+NNL
J=d+l

Al=DELZ(I1+1=1)%COLF/ (0,DURDELT)

Cl1=DELZ(IT91)#COEF/ (6UQH#UELT)

AGy)=Al=THETA/DELZ(IIsl=1)

B8(J)=2.D0#AL+THETA/DELZ(ILsI=1)+2.D0#CL+THETA/DELZ (LT o])

C(J)=Cl=THETA/OELZ(IIsl)
RIGHT=HANL SIDE =

USE DDITEMP FROM LAST SULUTION AS INITLAL CONDITICNS

Vel
Vel
vl
v T
vl
Vi T
Vie T
V1
Vil
Vel

D(U)=(A1+(1eDO=THETA)/DELZ(IIoI~1))#UUIEMP(IToI=1)+(200%Al=(1s0U=VrT
ITHETA) /DELZ(IL19I=1)+2.U0%Cle(1eD0=-TRET#A)/DELZ(IToI) ) #DTEMKF(LTs)+VnT

2(C1l+(1eDO=-THETA)/DELZ(LTI+1))#DDTEMP (110141}

CONTINUE

SOLVE BY THOMAS METHOD (SE& CALIF BULL NC 63-¢
NOTE THAT THERE ARE NnWZ=2=J EQUATIONS AND U UNRNCWNS

UPPER TRIANGULARIZE -
F(l)=B(1)
D(1)=D(1)~A(1)®DTEMP(1l1y1])
D(U)=L(J)=C(J)SDTEMP (1L gnNNL)
DO 60 I=24J
F(D)=p(I)=C(I=1)®Aa(I)/F ([=-1)
D(I)=D(I)=~A(I)®D(1l=1)/F (I=1)

BACK SUBSTITUTE -

DTEMP (II+J+1)=D(J)/7F (J)
Jl=dJ=-1

00 70 I=1lyJl

DTEMP(IIsJ+¢l=I)=(D(U=L)=Clu=T)#DTEMP (lLsy+2=1))/F (J=T)
DTEMP NOW COGNTAINS WNEw VALUES FOR TEMPLRATURE DIFFEWF.CE

COVMPUTE TRANSIENT CONUUCTIVE LEAKAGE
CA==2,DO#COND® (DTEMP (L1 yNNZ)=DTEMP (IT9NNZ=1) ) JOELZ (LToNNL)

SAVE DTEWMP

DO 80 J=1sNNZ
DOTEMP(ITIsJ)=DTEMP(TIwu)
RETURN

ENDG
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Vel
Ve T
VNT
vie ]
v T
Ve T
v=T
Vi
VT
vi T
Ve T
Ve T
VT
Vie T
Vie T
vl
VT
VT
Vil
v T
vie T
Vi1
Vil
VT
VR
vi<T
Vil
VhT
ve T
v T

530
S4 0
5ol
S6u
S57u
Sou
590
600
olu
ozl
630
40
[3=-1¥]
[oXo 34
[N AV]
boy
[ 1]
[V
7iv
170
730
T4
150
ted
110
Teu
{9u
quy
nlo
820
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BH0
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g
Bao
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G500
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Yel)
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SUBROUTINE FORMEQ(AsRsNBBUYMBEL) FEG

*Q#ﬂQ%#*ﬂ{O#QG#&QO#&#%Q&QQ#QQQQQ FEQ

IMFLIC1IT REAL#8(A=Hy0=2) Feo

CALLED FROM MAIN FEG

PURPOSE: TO FOKM THE FINAL MATRIX EQUATION FEC

B L L R T e kL LT PP L i S A e o A ]
DIVENSION A(NBBDeMBED) s R(NBBD) . Fre

FEG

COMMON /INPUT/ PHI(20910)9XK(20510)sYn(20910)+P(20910)9sH(20510)sX(FEC
1400) 9X1(400) ¢NP(20910) sNPP (20092) 9DX(2U) s0Y (10) sDZ(20+10)9G(20+410)FEG
COMMON /CONTRO/ NKsNXINXXsNYoNYYyNByNIDsNTyDELT o TIME ,PHFWTyUF s XKCeFEQ
1COND g CUEF yBETAS IPRT FEG
COMMON /WORK/ AX(2191U) oBA(21910) sEX(21e10)9aY (20911)9BY(20011)9EYFEG
1€20911)9TX(21910) o TXK(Z1910)sTY(20911)9TYK(20911)9XM(20910) ¢ XMASS(FLG

220910) sEN(20910) sENEROLY (2G910)9C(2091U)4D(20410)¢F(20510)+G(20s10)FEGC
390F(20910) 9XN(20s10) 9 IM(20010)9sDTP(20910) 9sDTH(20410) 4PHIC(20910) ¢+FFEC
40LL(20410) FEu
COVMON /EXTKA/ MBWIMBE FEQ
—r e m e ———————— —————eceem———— meme—tceccm e m—n—————— ———ee==}EG
MP= (MBW+1)/2 FeG
MP = MALIN UIAGONAL (STUREU VERTICALLY) FEG
Fte

INIT1ALIZ2E ARRAYS = FEG
DO 10 K=1,NBB FE@Q
DO 10 KK=1y4MBW FEG
A(KsKK)=0,00 FEG
FEG

CONPUTE MATRIX = FEG
DO S0 K=1,NY Ftu
I=NPP (K1) Fre
JENPP (K9 2) FEG
FEG

MAIN DIAGONAL TERMS = FEG
PRESSURE =~ FEG
A(28K=1 VP )Z=EX(Tod)=EY (Tou)=EX(I+1aJd) =LY (LoJ+]) Fre
ENTHALPY = Feg
A(29KoMP=1)==AX(Tod) =AY ([su)=AX(I+1ed) =AY (LIsy+]) Fee
A(ZHKeMP)==BX(I9J)=RY (LyJ)l=pX(l+led) =08 (TeJ+]) Fre
FEG

OFF DIAGONAL TERMS = Fro
I1=1 Frg
IF (J.EGel) GO Tu 20 FEG
Jusd=-1 Fe e
NMNENP (LI sJd) FH G
IF (NN.tG,u) LO TO 20 FeG
NC=MP# (NN=K} #2 Feg
A{Z#K=19NC)=EY ([yJ) FEG
A(ZRKaNC=]1) =AY (I4J) FEu
A(29KoeNCI=BY (I9J) FEG
CONTINUE Fte
IF (JeEWoNY) GO TO 30 FEG
Jusdel FEG
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249

3u

40

50

60

70

80

9G
100
110
120
130
140
150
160
170
180
190
209
210
220
230
240
250
260
2lu
280
290
300
Jlvu
32¢
330
340
35y
3ou
370
38y
390
400
410
42u
430
440
450
400
470
480
4990
S5vi)
510
520



NN=NP (I19Jd) Fes S30

IF (NNJ.EG.0) GO TO 30 FeG S60
NC=MP+ (NN=K) #2 FEG 550
A(2*K=19NC)=EY(IsJ+l) FEG SoU
A(2*KsNC=1)=AY (I9J*1) Few 570
A(2®*KeNC)=BY (IsJel) FEG 58U
Jdsd FEGC bHYV
IF (I+EQs1) GO TO 40 FEG 600
II1=1=1 FEu 610
NN=NP (I19JJ) FEG 620
IF (NNJEQ,Q0) GO TO 40 Fte 630
NC=MP+ (NN=K) #2 Fre 640
A(2%*K=19NC)=EX(IsJ) Fty 650
A(2*KINC=1)=AX(IsJ) Ftu 60U
A(2®"KsNC)=BX(IsJ) Fee 670
IF (I.EUQ.NX) GO TO S0 FEG 68Q
II=z]+1 Fte 69U
NN=NP (1I19JJ) FEG T00
IF (NN.EQ.0) GO TO S0 FFGe T1lu
NC=MP+ (NN=K) *2 Feu 720
A(2R#K=1oNC)SEX(I¢19J) : FEY 730
A(2RKINC=1)=AX(I+¢19J) Fta 74v
A(2#KINC)=BX(I+1yJ) FEQ 720
CONTINUE FtG Tou
] Fto (10
COMPUTE KNOWN VECTUR = Fte 7av
DO 70 K=14NBB ) FEW 790
II=K-MP FEG BUU
R(K)=0,00 . Ftu sle
DO 60 JJ=1lsMBW ' FEG HZ2U
Il=11+1 Ftw d3u
IF (IleLTel) GO TO 60 Fre B4y
IF (Il.GT.NBE) GO TG 7v FrG B50
R(K)=R(K)+A(KeJJ)#X]1 (11) FFCQ 86U
CONTINUE Fe 8176
CONT INUE Fre deu
Fra &899
DO 80 K=1.NB Ftt 9006
I=NPP(Ky]) Fte 91y
JENPP (K9 2) FrG s20
FEC Y930
NEWTON=RAPHSON RESIDUAL VECTCR - Ft Sau
R(2%¥K=1)s=R(2#K=1) +XM(1leJ)/DELT=XMASS(ioJ) /DELT~-C ([} FtG S$-U
R(2#K)==R (2#K) +EN(LoJ) /DELT~ENERGY (Tsu) /DELT=0K (1 +J) G v60)
FiLe w/u
LINEARIZED NEWTON=RAPHOSON MATRIX = Fri Secu
A(2%¥K=)1sMP)=A(2HK=]oMP)=F (T9J)#OX(I)HUL([yy)#DY (J)Z/UFLT Fri 990
A(2#K=1oMP+]1)=A(2HK=]eMP+ 1) =G (I 4J)#OX(L)HOY (U)®D2(1oy)/7LELT Frsluvu
A(2*K9MP-1)=A(E*KoMP-l)-C(Iog)*DX(I)“Ul(dlﬁoltl'q)/DELT Freluld
A(ZHKIMP)=A(2#KsMP) =D (Lo ) HOX(L)HDY (J)®DZ2(L4y)/DELT FrGldcu
CONTINUE Friluso
RETURN FralusD
ENC Frolong-
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SUBRCGUTINE SULVE (KKKgdsReNEWe IRALFByNUIMIMDINV)
HBHDRDHOUDUD ORGSR SR B G R E ORI R R RGBSR HOR IR B San

IMELICIT REAL®#8(A=H20=)

ASYMMETRIC BAND MATRIX twUATION SOLVER
ORIGINALLY PROGRAMEDL &Y JaMES C.

bDUGUlv

KKK=] TRIANGULARIZES IHE- BANU VATRIX B

KKK=2 SOLVES FUR KIGHT SIDE ko

DIVENSION H(NDIMsMUIM)
NRS=NEW=1

IHBP=IHALFB+]

1F (KKKsEWe2) GO TO 30

TRIANGULARIZE MATKIX A USING LOOLITTLE MclHQD

DO 20 K=19sNRS
PIVOT=8(Ke lHBEP)
KK=K+]
KC=1HHP
DO 10 I=SKKeNEQ
KC=KC~-1
IF (KCeLE.O) GO TU 20
C==B(1lskC)/PIVOT
B(lekC)=C
KI=KC+1
LIVN=KCelRALFB
DO 10 J=K1lyLIM
JC=IHKP+JU~KC
10 B(IsJ)sB(1led)+CoB(Keul)
20 CONTIWUE
GO TO 100

MCLDIFY (OAD VECTUR R

30 NN=NEGe]
IBAND=2¥% [HALFB+]
DO 70 I=2eNtu
JC=IHBP=1+¢]
Jl=1
IF (UC.lLta0) GO TO 40
GO TO bHv
40 JC=1
JiIz[=1HBP+]
50 SUM=0.0
DO 60 J=JCeIHALFH
SUMSSUM+B (T aJ) #K(JI1)
60 JI=ulel
70 R{I)=R(I)+Sum

BACK SsoLuUTION

HRINDIM)
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SOLUTION RETURNS IN R

seL
SuL
SUL
Sutb
SoL
SuL
Sutb
SCL
SOoL
SCu
SuL
sSCL
Sul
SuL
SOUL
Sub
sob
SUOL
SGL
SuL
SCOL
SCL
SCeL
SoL
SeL
SOL
SCL
SGL
SCL
SGL
SoL
Sut
ScL
SoL
SGL
SOL
SGL
sol
sub
Sul
SUL
SIUR
Sub
Sub
sl
SulL
SCL
SUL
SGL
ScL
Sul
SOL

10
26
30
40
S50
60
Tu
[ 1]
U
100
110
120
130
140
15v
lovu
17u
JR-1V]
19v
20u
210
c2u
230
240
250
2ou
270
280
290
300
310
32v
330
340
350
360
370
3480
39u
40y
4lu
424
430
440
45U
460
470
43U
495y
Y00
Siv
520



80
90
100

R(NEQ) =R (NEW) /B (NEUWy INnEP)
DO 90 IBACK=2NEQ
I=NN=IBACK

Jh=1

KR=IHBP+]
MR=MINQO (IBAND s IHALFB+1BACK)
SUM=0,0

D0 80 J=KRIMR

JP=JP+1
SUM=SUM+B (1sJ) #R(JP)
R(IV=(R(1)=SUM)/B(lsIroP)
RETURN

ENO

80

Sob
SaL
Sul
SeL
Sul
Sob
Sul.
Stif,
Sul
SeL
SuL
SGL
sSaL
Sul

530
S40
55V
aou
XAV
Sou
Y90
600
6lu
Y44
63U
e40
65U
toU~



s NeNeXel o

a0

SUBROUTINE PDATA(PeHs TIMEsLaNYsNX) DT
YRR R Y Y Y LYY YRR Y PDT
IMPLICIT REAL®8(A=Hj0=2) PUT
POT

CALLED FROM MALN P
PURPOSE: TO PRINT COMPUTED PRESSURE AND ENTHALPY PUT
g USRI PUPI PP T b
DIVMENSION P(20910)9 H(20910) PO
e N Ih

. PIT
PRINT 309 LsTIME POT

DO 10 J=1sNY POT

10 PRINT 405 (P(Lsd)sl=19NX) PUT
PRINT 50 PUT

DO 20 J=1shY PDT

20 PRINT 40y (H(Isd)sI=1sNX) PO
RETURN PUT
PUT

30 FORMAT (///11Xe'STEP NUMBEK " 3491 0Xs"TIMEY4yE1043/11X415(1H®)///711XPDT
1s ' FRESSURE VALUES'/11Xs15(1H=)//) POT
40 FORMAT (/(11X+8(6120502X))) FOT
50 FORMAT (//11Xs 'ENTHALPY VALUES!/11Xs15(1k=)//) POT
En POT
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SUBROUTINE PHREG({INDEX) . PHR
LI XYY R T PR LY YTITIYY 2L L PHR
IMPLICIT REAL%*B(A~Hy0=<) PHR
PHR

CALLED FORM MAIN PHR
PURPOSE: TO DETERMINE WHAT THERMODYNAMIC REGION A PHR
FINITE-DIFFERENCE BLOCK IS IN ‘PHR

- o - - 0 O 0 D O o 22 e W o e O e O O O R gy o e o e o w P R
DINENSION INDEX(200) PHR
PHR

CONMON /INPUT/ PHI(20910) 9XK(20910) sYK(20910) 9P (20910) yH(20910) +X (PHR
400) 9 X1(400) yNP(20910) sNPP (20092) »DX(20) sDY (10) yDZ(20+10)+G(20+10) PHR
COMMON /CONTRO/ NKyNXsNXX#NYoNYYyNBoNBB ¢NToDEL Ty TIME,PHFWT s DF ¢ XKC»PHR
COND yCOEF yBETA ¢ IPRT PHR
---—-—--'-----------—--------—-------—----------------------------p"ﬂ
INCEX==]1 FOR COMPRESSEDL WATER PHR
INDEX=0 FOR TWO-PHASE PHR
INDEX=] FOR SUPERHEATED STEAM PHR
DO 10 K=]14N8B PHR
PP2X] (2%#K=1)#0,]1%%7 PHR
HH=X] (29K)®#0,)%aT PHR
COMPUTE SATURATED STEAM (KS) AND SATURATED WATER (HW) ENTHALPY =~ PHR
HS22822482=39,952/PP+2454342/PP/PP=0,9388T79%#PP#pp PHR

1

Hw=730.984+125, 239'PP‘10.0333“PP'PP¢0.39881'PP'PP0PR

=99,0697/PP¢12.9267/PP/PP=0,628359/FP/PP/PP
INDEX (K)=0 PHR
IF (HHeLT.HW) INDEX(K)=«] PHR
IF (HH.GT.HS) INDEX(K)=] PHR
IF TEMPERATURE IS BELOW 50 DEG C (H=20¥,33) ASSUME IN COMP WATER PHR
IF (HHeLT.209,33D0) INDEX(K)=z«] PHR
CONTINUE PHR
RETURN : PHR
END PHR
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SUBROUTINE BALNCE (ICXsKKKsPCEE) BAL

BRABRVRBEDHBRGRGRBRBBRDDBRO R BB BAL
IMPLICIT REAL#8(A=H,0-2) eatL

B8aL
CALLED FROM MAIN BaL
PURPCSE: TO COMPUTE MASS AND ENERGY BALANCE BaL

-------- L S S SR Y N
COMMON /INPUT/ PHI(20910) sXK(20910)sYK(20+10)9P(20+10) sH(20010) s X (BAL
1400) +X1(400) 4NP (20910) sNPP (200+2) +DX (20) ¢DY (10)+DZ (209101 +Q(20+10)BAL
COMMON /CONTRO/ NKyNXsNXXsNYoNYY o NBsNBEoNTDELT» TIME,PHFWT+DF ¢ XKCoBAL
1COND s COEF yBETA s IPRT BAL
COMMON /WORK/ AX(21910) 9BX(21+10)sEX(21910)9AY (20911)9BY (205111 +EYBAL
1€(20911) 9 TX(219410) ¢ TXK(21510)sTY(20911) 9TYK(20911) 9XM(20510) s XMASS (BAL
220+10) 9EN(204+10) sENERGY (20910) +C(20+10) 9D (20+10) sF (20910) 96(20+10) BAL

390K (20+10) 9XN(20910) 9 TH(20910) s0TP(20910) sDTH(20910) 4PHIC(20410) s PBAL
40LD(20+10) BAL
COMMON /CHECK/ IND(200) 4 INDOLD(200) BAL
ceecemmemcemmcreae——- cmeecmcecemeesesemosccemecseccseecseemmmeea=mBAL

8aL
STATEMENT FUNCTIONS FOR THERMODYNAMIC PROPERTIES = BAL

BAL
F1(PXsHX)=1,00207¢4,426070=4#PX=5.47456D=5%HX+5,02875D-7*HX*PX~1,2BAL
164791D=7%hX#HX BAL

F2(PX9HX)==2,41231¢2,56222D0~1%HX=9,31415D=~3#PX8PX=2,2568D-52HX*HX BAL
F3(PXsHX)==2,261620~5¢0,0438441D0%PX=179088D=54PX*HX*3,69276D~8%PBAL
IXOFEX#PXEPX+5,17644D=13*HXHHXEHX#PX BAL
F4(PXoHX)==374,66900+47,9921D0#PX~0,633606D0#PX8PX+7,39386D-5S4HX*+HBAL
1X«343372D06/HX/HX/PX/PX+0.0357154D0/PX/PX/PX=1417250=08HX#HXSHX#PX=BAL

22+26861D15/HX/HX/HX/HX BAL
BaAL

DELM=0,D0 BAL
DELE=0.D0 BAL
00 70 I=1yNX BAL
DO 70 J=1lsNY BAL
XM(I+J)=0.00 8aL
EN(I»J)=0,D0 BAL
GO 7O 70 BaL
CONTINUE BaL
PP=P(ls) BaL
HHEH (IJ) BAL
PP=PP#0,.1%%7 BaL
HA=HH#0,14##7 BaL
K=NP(I+4) BAL
PHI(IoJ)3PHIO(IsJ)#(1aD0*(P(14J)=POLD(1lyJ))*BETA) BaL

HW=730,984+129.239%PP=10,0333%PP#PP+0,3988] *PPuPP#PP
1 =99,0697/PP+12.9267/PP/PP=0,628359/PP/PP/PP

IF (IND(K)) 20930440 BAL
CONTINUE BAL
DEN=F 1 (PPyHH) BaL
TENP=F2 (PPyHH) BAL
GO 7O 50 BaL
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30

40

S0

60
70

80
90

100

110

c

CONTINUE
HS22822482=39.952/PP+2¢54342/PP/PP=0,9388T9%FP PP
TEMP=F2 (PP yHW)

DW=F1 (PPyHwW)

DS=F3 (PPyHS)

SW=DS® (HS=HH) / (HH® (DW=US) = (HW#DW=HS*DS) )
SST=]1.0=SW :

DEN=DW#SWw+SST#DS

GO TO S0

CONTINUE

DEN=F3 (PP HH) 4
HW=2730,9844129,239%PP=10,03334PP#PP+(0¢3988]1#pPPuPP#PP
1  =99,0697/PP+12.,9267/PP/PP=0,628359/PP/PP/PP
HS=2822.82-39.952/PP+2:54342/PP/PP=0,938879#PP#PP
TT1=F & (PPyHH)

TT2sF 4 (PPyHS)

TT3=F2 (PPyHW)

TEMP=TT1=TT2+TT3

HROCK=TEMP#*PHFWT

VOLEDY (J) #DX(1)#DZ(IyVJ)

XMT=VOL®DEN*PHI (IyJ)

ENT=VOL® (PHI(I9J) #HH*DEN#10,%%#74 (1,0-PHI(I9J) ) *HROCK®DF)
IF (ICX.EQ.0) GO TO 60
DELM=DELM=XMASS (I 9J) ¢ XMT
QELE=DELE=ENERGY (IsJ) *ENT

XM(Iy9J)=XMT

EN(IsJ)=ENT

CONTINUE

IF (KKKJNE«NK) GO TO 90

DO 80 I=1y¢NX

DO 80 J=1oNY

XMASS (Tod) XM (IsJ)

ENERGY (I9J)=EN(IsJ)

CONTINUE

IF (ICX.EQ.0) GO TO 110

QQ¢=0.00

EEE=0.0D0

DO 100 I=1sNX

DO 100 J=1sNY

QQC=QQQ+Q (I+J) #DELT

EEE=EEE+QH (I,J) #DELT

PCEM= (DELM=QQQ)*#100.00

IF (QQQ.NE.0.D0) PCEM=PCEM/QQQ

PCEE= (DELE~EEE)*100.D0

IF (EEE+NE+0.D0) PCEE=PCEE/EEE

WRITE (6+120) QQQ+EEEDELMIDELE yPCEMyPCEE
CONTINUE

RETURN

B8aL
8AL
8aL
BAL
BAL
8aL
BAL
BaL
BaL
8AL
BAL

8aL
8aL
B8al
8aL
BAL
BAL
BAL
BaL
BAL
BAL
BAL
BAL
8AL
BAL
8aAL
BAL
BAL
BaL
BAL
B8AL
BaL
BAL
BAL
BAL
BAL
BaL
BalL
BAL
8AL
BAL
BAL

120 FORMAT (//11X923HMASS AND ENERGY BALANCE/11Xs23(1H=)/32X+4HMASSs31BAL

1Xe4HHEAT/15X9 12HDISCHARGE = 1615.8920X1615.8/15Xy12HSTORAGE =~

215,8+20X9615.8/15X912H% ERROR = 1G15¢8920X+615,.8)
END
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T40
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170
780
790
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810
820
830
840
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860
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